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The current trend toward processing petroleum residua or 
whole "heavy" crudes requires adequate compositional information to 
understand the chemistry of reactions that are involved. Monitor- 
ing compositional changes by a mere comparison of operationally 
defined fraction9 or by a determination of "average structures" for 
feedstock and product components provides inadequate and frequently 
misleading information. (1) Much more detailed compositional data 
are needed to unravel the structural transformations which occur 
during processing or to explain product properties. 

This paper discusses recent results of characterization 
work on "heavy" crudes and petroleum residua. The emphasis of this 
paper is on distribution of homologous series of compounds, their 
molar mass and structure, all as a function of boiling point. The 
detailed discussion of the experimental procedures used in this 
study is beyond the scope of this paper. It is important to note, 
however, that the unique combination of short-path distillation, 
high performance liquid chromatography (HPLC), and field ionization 
mass spectrometry (FIMS) was essential for obtaining the detailed 
compositional information which was not available before. The 
nitrogen-rich, 13.6"API gravity, Kern River crude oil (a blend of 
crudes from San Joaquin Valley, California) is used as an example. 

EXPERIMENTAL 

Kern River crude oil was first distilled using a Penn 
State column to produce two distillates, Cut 1 and Cut 2, and atmo- 
spheric residuum (-650°F+). The residuum was then fractionated 
into eight distillates, Cut 3 through Cut 10, and the nondistil- 
lable residuum (-1300°F+) using the short-path distillation. The 
detailed description of the short-path distillation apparatus, 
DISTACT, can be found elsewhere. (2, 3) The true boiling point 
(TBP) distributions of the distillation cuts were determined using 
a vacuum thermal gravimetric analysis (VTGA) method developed at 
Chevron Research. (4) The molar mass distributions of all cuts 
were determined using FIMS and field desorption mass spectrometry 
(FDMS). ( 5 )  The FIMS data were obtained at SRI International, 

Encl. - Table I 
Figures 1-8 
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Menlo Park, California. Average molecular weights were determined 
by vapor pressure osmometry (VPO) using toluene as a solvent. 
Carbon (C), hydrogen (H), sulfur (SI, total nitrogen (Nt), basic 
nitrogen (Nb), and oxygen (0) were determined using standard proce- 
dures. Nickel (Ni), vanadium (V), and iron (Fe) were determined by 
inductively coupled plasma (ICP) emission spectroscopy method. 

Chromatographic separations of all distillation cuts 
involved a two-step procedure. First, a fraction of polar compo- 
nents (mainly N-, 0-, and metal-containing compounds) was isolated 
from each distillation cut before further HPLC separation to pre- 
vent possible damage of high efficiency columns. "Polars" were 
separated using liquid chromatography on basic alumina. In the 
second step, the "polars-free" fraction was further separated into 
saturates, monoaromatics, diaromatics, triaromatics, tetraaro- 
matics, pentaaromatics, and a fraction designated "hexaaromatics 
and/or azarenes ." 

The HPLC system consisted of two preparative columns, 
ZORBAX-NH2 and ZORBAX-SIL, connected through a switching valve. 
The system was calibrated using model compounds. The actual cut 
points between the aromatic ring-type fractions were determined 
using ultraviolet (W) spectra collected from 200-400 nm by the W 
photodiode array detector at 20-sec. intervals. Weight percent 
yields of the fractions were determined gravimetrically. The HPLC 
fractions were analyzed by FIMS. The principles of the HPL~/FIMS 
approach and its application to characterization of coal-derived 
liquids were reported previously. ( 6 - 8 )  However, a different HPLC 
system was used in this study. Elemental analysis, infrared spec- 
trometry, 'H and 13C nuclear magnetic resonance (NMR) spectrometry, 
and EIMS were used occasionally to aid interpretation of the 
HPLC/FIMS data. 

RESULTS AND DISCUSSION 

How Heavy is the 
"Heavy" Crude Oil? 

The adjectives "heavy," "high boiling,' and "high molecu- 
lar weight" are commonly but inappropriately used as equivalent 
terms to describe crude oils or their fractions. The term "heavy" 
refers to crude oil density. Heavy crudes, of which Boscan 
(10.1OAPI gravity in Figure 1) is a classic example, have high 
densities (low OAPI gravities) because they are rich in high 
density naphthene-aromatics and heteroatom-containing compounds and 
poor in low density alkanes. They are commonly either immature or 
degraded. (9) Light crudes, which have low densities (high OAPI 
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g r a v i t i e s )  are r i c h  i n  a l k a n e s .  Al tamont  crude o i l  (42.2OAPI grav-  
i t y  i n  F i g u r e  l ) ,  an ex t reme example,  h a s  an e x c e p t i o n a l l y  h i g h  
a l k a n e  c o n t e n t  as a r e s u l t  of its predominant  s o u r c e  be ing  l a c u s -  
t r i n e  a l g a e ,  which a l so  happens t o  have been t h e  s o u r c e  of t h e  
nearby  Green R i v e r  s h a l e .  ( 9 )  

For each  o f  t h e  c r u d e s  c o n s i d e r e d  i n  F i g u r e  1, t h e  "API 
g r a v i t y  d e c r e a s e s  w i t h  i n c r e a s i n g  d e p t h  of d i s t i l l a t i o n .  Hence t h e  
term "heavy ends"  t e n d s  t o  correlate w i t h  "h igh  b o i l i n g '  w i t h i n  a 
g i v e n  c rude .  However, t h e  c o r r e l a t i o n  between "heavy" and " h i g h  
b o i l i n g "  does  n o t  n e c e s s a r i l y  ho ld  i f  d i f f e r e n t  c r u d e s  are b e i n g  
compared. For  example,  t h e  n o n d i s t i l l a b l e  res iduum (-1300°F+) f rom 
Al tamont  c r u d e  h a s  a lower d e n s i t y  ( h i g h e r  OAPI g r a v i t y )  t h a n  whole 
Boscan, Kern R i v e r ,  or Maya c rude .  

The terms "heavy' and "h igh  b o i l i n g "  are f r e q u e n t l y  bu t  
i n c o r r e c t l y  used  as i f  t h e y  were synonymous w i t h  "h igh  m o l e c u l a r  
weight: The b o i l i n g  p o i n t  of a compound a t  a g iven  p r e s s u r e  is a 
rough measure o f  t h e  a t t r a c t i v e  f o r c e s  between t h e  molecu le s .  
These  f o r c e s  very w i t h  t h e  s t r u c t u r e  of molecu le s ,  l e a d i n g  to t h e  
g r e a t  d i f f e r e n c e s  i n  b o i l i n g  p o i n t  f o r  compounds of a g i v e n  mola r  
mass b u t  a d i f f e r e n t  chemica l  s t r u c t u r e .  T h i s  is i l l u s t r a t e d  i n  
F i g u r e  2. Compounds hav ing  s i m i l a r  molar masses  cove r  a b r o a d  
b o i l i n g  p o i n t  r ange  and ,  c o n v e r s e l y ,  a narrow b o i l i n g  p o i n t  c u t  
c o n t a i n s  a wide molar mass r ange .  The molar  mass r ange  i n c r e a s e s  
r a p i d l y  wi th  i n c r e a s i n g  b o i l i n g  p o i n t ,  as i l l u s t r a t e d  by t h e  
ex tended  c u r v e s  "A" and " C "  a t  t h e  r i g h t  s i d e  of F i g u r e  2. Fo r  a 
g i v e n  c l a s s  o f  compounds, t h e  b o i l i n g  p o i n t  i n c r e a s e s  wi th  molar 
mass. T h i s  is due  t o  t h e  i n c r e a s e  o f  t h e  weak, van d e r  Waals 
a t t r a c t i v e  i n t e r m o l e c u l a r  f o r c e s  as molecu le s  of a g i v e n  t y p e .  
become l a r g e r .  However, compounds hav ing  fused  a r o m a t i c  r i n g s  and 
f u n c t i o n a l  g r o u p s  c a p a b l e  of hydrogen bonding  or o t h e r  t y p e s  o f  
p o l a r  i n t e r a c t i o n s  have a d d i t i o n a l  a t t r a c t i v e  i n t e r m o l e c u l a r  f o r c e s  
and may have a r e l a t i v e l y  l o w  molar mass bu t  a h igh  b o i l i n g  p o i n t  
and t h u s  are e x p e c t e d  t o  c o n c e n t r a t e  i n  t h e  "heavy ends." 

F i g u r e  3 shows b o i l i n g  p o i n t ,  molar  mass, and h e t e r o a t o m  
d i s t r i b u t i o n s  i n  Kern R ive r  pe t ro l eum.  The a p p a r e n t  molar  mass 
d i s t r i b u t i o n s  of a l l  d i s t i l l a t i o n  c u t s ,  i n c l u d i n g  t h e  n o n d i s t i l -  
l a b l e  res iduum,  were measured by FIMS and FDMS. The r e s u l t s  
o b t a i n e d  by b o t h  t e c h n i q u e s  were i n  v e r y  good agreement .  The molar  
mass d i s t r i b u t i o n s  are i l l u s t r a t e d  i n  F i g u r e  3 by u s i n g  t h e  molar  
mass s c a l e  as a r a d i u s  of each  "slice." The r a d i u s  o f  t h e  i n n e r  
c i rc le  c o r r e s p o n d s  t o  t h e  lowest molar mass of t h a t  c u t  w h i l e  t h e  
r a d i u s  of t h e  o u t e r  c i rc le  e x t e n d s  to  t h e  h i g h e s t  molar  mass 
v a l u e .  A s i g n i f i c a n t  t r e n d  can  be obse rved .  The molar mass r a n g e  
of t h e  s u c c e s s i v e  d i s t i l l a t i o n  c u t s  widens  w i t h  i n c r e a s i n g  b o i l i n g  
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point in a fashion that is consistent with the trend indicated by 
the curves in Figure 2 .  The low molar mass end of each cut (radius 
of the "hole" in each slice) shows only a moderate increase with 
increasing boiling point while the high molar mass end soars. The 
resulting significant molar mass overlapping between the cuts is 
mainly due to the increasing concentration of polynuclear aromatic 
and heteroatom-containing compounds which have high boiling points 
but relatively low molar masses. 

Interestingly, most of these heavy crude components do 
not exceed a molar mass of about 1500 and only a few have molar 
masses extending up to about 1900. The molar mass data for 
Kern River crude oil are in agreement with the previously reported 
results for other crudes (10-12) and provide further support for 
the early speculations by Dean and Whitehead (13) who suggested a 
molecular weight maximum of 2000 for all compounds in petroleum. 

Data in Table I give distributions of elements (C, H, N, 
S ,  0, Ni, and V) on a molecular basis. The decreasing 2 value in 
the general formula C,H2n+ZX for each successive cut indirectly 
indicates the increasing "aromaticity." The C number range and the 
concentration of heteroatom-containing molecules also increase with 
increasing boiling point. For example, the low boiling Cut 1 
(385-499OF) consists of molecules having about 10-14 C atoms, with 
only two molecules in 100 containing S and one in 1000 containing a 
N atom. The high boiling Cut 5 (795-943'F) involves molecules 
having about 18-48 C atoms and on the average every other molecule 
may contain a heteroatom. The nondistillable residuum has the 
highest concentration of heteroatoms and shows the greatest H 
deficiency (lowest 2 value) among all distillation cuts. One must 
bear in mind, however, that the above are only average estimates 
which cannot reveal the actual distribution of heteroatoms in the 
diverse molecules present in each cut. 

What are the Components 
of a "Heavy" Crude Oil? 

T h e  compiexity of petroleum increases rapidly with 
increasing boiling point as the result of the increasing number of 
atoms in a molecule and the immense number of their possible struc- 
tural arrangements. It has long been recognized that compositional 
analysis of high boiling petroleum fractions by the isolation of 
individual compounds is a practical impossibility. ( 1 4 )  Instead, 
many attempts have been made to separate those complex mixtures 
into groups or classes of compounds. Numerous separation methods 
and schemes have been developed over the years. (15) One of the 
most recent systematic studies on composition of petroleum high 

' I  
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boiling distillates and residua was the American Petroleum 
Institute Research Project 60 and the later work based on the char- 
acterization scheme developed under this project. (10-12, 16-22) 

Petroleum components can be viewed as two major groups of 
compounds, namely, hydrocarbons and nonhydrocarbons. Hydrocarbons 
include acyclic alkanes (paraffins) and cycloalkanes (naphthenes), 
both commonly referred to as saturates, and the third group known 
as aromatics. Most of the aromatics bear normal or branched chains 
and naphthenic cycles. A molecule containing one aromatic ring is 
regarded as monoaromatic, a molecule with two aromatic rings-- 
diaromatic, etc., even if several naphthenic rings and side chains 
are attached to the aromatic ring. In the same manner, naphthenes 
containing both saturated rings and chains are defined by the 
number of rings, i.e., monocyclic, dicyclic, etc. Nonhydrocarbons 
include compounds which in addition to C and H atoms also involve 
one or several heteroatoms such as S, N, 0, Ni, V, and Fe. 

A complete separation of hydrocarbons from nonhydrocar- 
bons in high boiling petroleum fractions is not possible. 
S-containing compounds which during chromatographic separations 
behave similarly to hydrocarbons of the equivalent molar structure 
(i.e., dibenzothiophene and fluorene) are commonly found in hydro- 
carbon fractions. Some N heterocycles (azarenes), particularly 
those with the N atom sterically hindered or N-substituted, also 
frequently interfere with hydrocarbons. Nonhydrocarbons having 
"polar" functional groups such as -COOH, -OH, -NH, C=O or those 
containing several heteroatoms in a molecule (i.e., metalloporphy- 
rins) are less difficult to separate from hydrocarbons. 

The separation method used in this study produced up to 
eight "compound-class" fractions from each distillation cut depend- 
ing on the cut composition. The fraction of "polars" which is 
regarded as a concentrate of mainly N-, 0-, and metal-containing 
species was separated from each cut prior to further separations of 
the remaining "polars-free" portion into saturates, monoaromatics, 
diaromatics, triaromatics, tetraaromatics, pentaaromatics, and a 
fraction designated "hexaaromatics and/or azarenes." The last 
fraction reflects the difficulty in separating polycyclic aromatic 
hydrocarbons having six or more rings from azarenes. 

sophisticated HPLC system cannot provide a complete separation and 
the adjacent fractions therefore show some overlapping. This, how- 
ever, is detected by the following FIMS analysis of the fractions. 
The FIMS provides further "separation" into various homologous 
series according to the 2 value in the general formula CnH2n+Z and 
reveals the molar mass (C number) distribution of the components. 

It is importan't to note, however, that even the most 
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The structural assignments are based on the HPLC retention data, W 
spectra (for aromatics), and if necessary are aided by such analyt- 
ical techniques as 'H and 13C NMR, and EIMS. 

Figures 4, 5, and 6 show examples of the HPLC/FIMS analy- 
ses for distillate Cuts 2, 6 ,  and 10, respectively. Only a few 
most prominent homologous series are presented. Most likely struc- 
tures are shown although various isomers are possible. The exten- 
sive compositional information provided by this analytical approach 
is evident. Of particular importance are series of polycyclic 
molecules many of which are related to steroid and terpenoid struc- 
tures ranging from the saturated form to various stages of 
aromatization. 

The earlier discussed effect of chemical structure on 
molar mass distribution for components of a given distillation cut 
is illustrated in Figure 5 .  The molar mass profile of acyclic 
alkanes shows the maximum at C39 while that of the pentaaromatic 
CnH2n-30 series has the maximum at C30. 
"polars" (not shown) were 'shifted" even further toward lower molar 
mass values than those of the corresponding hydrocarbons but showed 
similar patterns in terms of wide C number distributions. The 
interpretation of the FIMS data for "polars" is much more difficult 
than in the case of hydrocarbons, particularly if more than one 
heteroatom per molecule is involved. Infrared and NMR data, 
together with elemental analysis results, provided important addi- 
tional information. Compounds having pyrrolic NH groups (i.e., 
carbazoles) and amide types were found to be particularly 
abundant. Although various homologous series were identified, the 
results indicate the need for further separation of "polars" to 
facilitate the interpretation of data. 

Figure I shows distributions of various "compound-class" 
fractions in the heavy Kern River crude oil. The concentration of 
"polars" increases steadily with increasing boiling point from zero 
in Cut 1 to about 0 2  wt % in the nondistillable residuum. Notably, 
"polars" in the distillable portion (Cut 1 through Cut 10) account 
for over 42% of total "polars" present in this heavy crude oil. 
i ~ i e  IUOIIO- through pentaaromatics and the fraction designated "hexa- 
aromatics and/or azarenes," together show a peculiar distribution 
pattern with two minima, one at the top and the other at the bottom 
of the barrel. The concentrations of individual fractions vary in 
each Successive distillation cut. The mono- and diaromatics 
predominate in the low boiling cuts. It is worthwhile noting, 
however, that the composition of the individual fractions within 
these classes changes considerably with increasing boiling point. 
For example, the monoaromatics in Cut 2 are rich in di- and 

Molar mass profiles of 
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tricyclomonoaromatics (homologous series CnHzn-8 and CnH2n-10) 
while the monoaromatics in Cut 4 involve mainly tri-, tetra-, and 
pentacyclomonoaromatics (homologous series CnH2n-10, CnH~n-12, and 
'nH2n-14) * 

The data in Figure 7 show a dramatic decrease in Satu- 
rates with increasing boiling point from about 88 wt % in Cut 1 to 
only about 1 wt % in the nondistillable residuum. Similarly, as 
with other compound-class fractions, the composition of saturates 
changes with increasing boiling point. This is illustrated in 
Figure 8 which shows distributions of the alkane homologous series 
in the entire Kern River crude oil. Acyclic alkanes (paraffins) 
are almost completely absent in this degraded heavy crude oil. The 
concentrations of tetra-, penta-, and hexacyclics increase with 
increasing boiling point at the expense of mono-, di-, and tri- 
cyclic alkanes. Steranes and hopanes were found to be particularly 
abundant in Cuts 3 through 6. 

CONCLUSIONS 

Data derived from this study dispel many misconceptions 
about the composition of high boiling components in petroleum. The 
results presented show that the molecular structure more than 
molecular weight of petroleum components predominantly determines 
the boiling point distribution and density ( " A P I  gravity) of the 
crude oil. The majority of compounds found in the "heavy" Kern 
River crude oil have molar masses not exceeding about 1500 with 
only a few extending up to about 1900. They involve mainly 
polycyclic structures with varying degree of aromatization, and 
many of them contain N and 0 atoms with pyrrolic and am5de types 
prevailing. 

The results of this study also demonstrate the necessity 
of a high degree of sample fractionation in order to obtain mean- 
ingful compositional information. 
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FIGURE 7 

COMPOUND-CLASS DISTRIBUTIONS IN KERN RIVER PETROLEUM 
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FIGURE 8 

DISTRIBUTIONS OF ALKANE HOMOLOGOUS SERIES IN 
KERN RIVER PETROLEUM 
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STRUCTURES OF LIQUID-LIKE SYSTEMSI 
X-RAY DIFFRACTION OF MODEL ORGANIC HYDROCARBONS. \ 

Lawrence B. Ebert, Joseph C. Scanlon, and Daniel R. Mills 
Exxon Corporate Research Labs 

Route 22 East 
Annandale, New Jersey 08801 

Since the work of T. F. Yen in 1961 (11, there has been much 
effort in the determination of the structure of petroleum 
heavy ends. Although x-ray diffraction shows broad lines, 
indicative of correlation lengths of - 10-30 A, the d values 
of the peaks have been associated with specific organic 
functionality: 4.5-4.8 A (aliphatic), 3.4-3.8 (aromatic 
stacking), and 2.1 A (aromatic diameter). 

In two previous papers (2,3), we have performed x-ray 
diffraction on the liquid phases of model organic hydrocar- 
bons to obtain additional insights into'these assignments. 
In contrast to earlier work (l), we found that the "y-band" 
at 4.6 A was related to intermolecular interference among 
paraffins, but not to interference among naphthenes, which 
we found to appear at 5.3 to 5.4 A (2,3). Although the 
"(002) band" at 3.4 to 3.6 A presumably does arise from the 
approximately parallel stacking of planar aromatic 
molecules, we found evidence for (OOL) peaks at lower values 
of 28, arising from the small stack height of the aromatic 
clusters. The true identity period became the stack height 
itself, thereby giving rise to lines at "d value" greater 
than that of the "(002) band." The above inferences indi- 
cated that the x-ray diffraction-based method of determining 
fractional aromaticity, by comparing areas of the 7-band and 
(002) band, fails for a number of reasons. 

In the present paper, we extend our work on the x-ray 
diffraction of liquid-phase organic hydrocarbons. Analysis 
of the patterns of the methyl-branched paraffins pristane 
and phytol shows an intermolecular interference maximum at 
4.7 to 4.8 A,  slightly higher than that found for 
n-paraffins, but significantly lower than that found for 
naphthenes. Diffraction of quinoline shows two (OOL) peaks, 
exactly the behavior exhibited by 1-methyl naphthalene 
(2,3). When a given molecule contains both spa and spa 
hybridized carbon, as in tetralin or tetrahydroquinoline, 
broadening of the lines results, although when one carbon 
type predominates (as in n-heptadecyl benzene), that carbon 
type will dominate the diffraction pattern. 
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Experimental details 

Diffraction experiments on liquids were carried out as 
described previously (2,3). A cell with Be windows was 
mounted on $ Siemens Type F diffractomEter, equipped with a 
divergent 1 slit and a receiving 0.1 slit. Copper radi- 
ation was used. 

Quinoline (99%) was obtained from Aldrich. The methyl 
branched paraffins pristane (2,6,10,14 tetramethyl pentade- 
cane, 99% 1 and phytol (3,7,11,15 
tetramethyl-2-hexadecen-1-01, 70%) were obtained respective- 
ly from Wiley Organics and Aldrich. The purity of the qui- 
noline and pristane was verified by GC/MS; the MS pattern of 
the major component of the phytol showed peaks at m/e of 71 
(I=lOO), 55 (1=56), 57 (I=52), and 81 (I=33), with the high- 
est detected m/e=278, reflecting a loss of water from the 
pure phytol (molecular weight = 296.5). A high resolution 
C-13 NMR pattern of the pristane showed resonances at 19.8 6 
(the methyl groups on the 6 and 10 carbons), 22.7 6 (the 
four equivalent "terminal" methyl groups), 24.6 6 (the cen- 
tral, 8,  methylene carbon), 24.9 6 (the 4 and 12 methylene 
carbons), 28.16 (the 2 and 14 methylene carbons), 32.9 6 
(the 6 and 10 methylene carbons), 37.5 6 (the 7 and 9 methy- 
lene carbons), and 39.5 6 (the 3 and 13 methylene carbons). 
The reader should note that the spectrum of this isoprenoid 
carbon skeleton is quite distinct from that of an n-paraffin 
(e.g., internal methylenes at 29.8 6, terminal methyl groups 
at 14.2 6). The remarkable finding reported here is that 
branched paraffins and normal paraffins show different pat- 
terns in liquid-phase x-ray diffraction, because of 
differences in intermolecular packing. 

Results and Discussion 

The diffraction patterns of the liquids pristane, phytol, 
and quinoline are given in Figure 1. The "d value" of the 
single observed interference maximum is 4.8 A for pristane 
and 4 .7  A for phytol, measureably higher than the 4.6 A that 
we have found for n-paraffins. This increase is presumably 
related to the presence of the methyl groups, and confirms 
the identification of the "7-band" as an intermolecular 
interference peak of paraffins (2,3). 

I n  contrast to the paraffins, the diffraction pattern 
of liquid quinoline contains two peaks in the region 10 - 
45' 28. The larger peak is at 3.9 A ,  with a shoulder at 5.1 
to 5.4 A. This behavior is analogous to that previously 
reported for 1-methyl naphthalene, and confirms our sug- 
gestion of the presence of high d value (OOL) lines in 
aromatic clusters of stack height 15 - 25 A (2,3). 
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X-ray diffraction can, of course, be used for liquids 
more complex than simple paraffins or aromatics. The nar- 
rowest diffraction lines, representing the longest corre- 
lation lengths, seem to occur with spherically symmetric 
molecules, such as 1, 3 di-methyl adamantane (2,3) or 
(+I-longifolene (Aldrich 23,517-2), whose pattern is given 
in Figure 2. The one dimensional order of aromatic stacking 
can be seen even for the single ring compound, hexafluoro 
benzene, as seen in Figure 2. Here, the scattered intensity 
is increased relative to that of benzene by virtue of the 
fluorine atoms which are co-planar with the carbon atoms. 
This "assistance" does not extend to perfluoro decalin, in 
which case the scattering arising from carbon-carbon, 
carbon-fluorine, and fluorine-fluorine intermolecular dis- 
tances is more complex. 

What happens when one has molecules containing both spa 
and spa-hybridized carbon? In tetralin, with six aromatic 

To see the origin of these lines, one may make an anal- 
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and four aliphatic carbons, one observes only a broad dif- 
fraction envelope, but in n-heptadecyl benzene (six 
aromatic, seventeen aliphatic) one sees a ./-band much as in 
liquid n-paraffins (3). 

To more systematically study these mixed systems, we 
have performed reductive alkylation on model aromatic hydro- 
carbons (6). In the case of perylene, for which we found a 
potassium consumption of two moles K per mole perylene (7), 
we quenched with methyl iodide (CD,I) and actually obtained 
a crystalline product of di-methyl di-hydro perylene, as 
illustrated in Figure 3. GC/MS analysis of this product 
showed 72% to be a single isomer of di-methyl di-hydro 
perylene (parent peak m/e = 288 .21 ,  with perylene itself, a 
second isomer of di-methyl di-hydro perylene, and a small 
amount of tri-methyl di-hydro perylene also present. It is 
likely that the crystallinity of our product is correlated 
with the dominance of one isomer of di-methyl di-hydro 
perylene. 
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REAGTIONS OF HYDROGEN WRING HYDROPROLYSIS 
PROCESSING OF HEAVY ENDS 

by 

James W. Bunger 
Department o f  Fuels Eng ineer ing  

U n i v e r s i t y  o f  Utah 
S a l t  Lake C i t y ,  Utah 84112-1183 

INTRODUCTION 

When heavy o i l s  a re  subjected t o  p y r o l y s i s  i n  t h e  presence of hydrogen, 
c rack ing  t o  lower mo lecu la r  weight compounds i s  accelerated and produc t ion  o f  
coke i s  i i b i t e d  compared t o  t h e  case i n  which an i n e r t  atmosphere i s  
p resent  .( It $as p rev ious l y  been reported t h a t  a t  very h igh  hydro 
concent ra t ions  (>lo v o l / v o l )  p roduc t ion  o f  coke i s  v i r t u a l l y  e l im ina ted .  
Others have repor ted  t h a t  t he  p r w c e  o f  hydrogen improves l i q u i d  hydrogen 
y i e l d  when c rack ing  res idua l  o i l s .  

I n  the course of our i n v e s t i g a t i o n s  cons iderab le  a t t e n t i o n  has been given 
t o  changes i n  mo lecu la r  s t r u c t u r e  and produc t  c h a r a c t e r i s t i c s .  By comparing 
r e s u l t s  w i th  those obtained i n  t h e  absence o f  hydrogen an understanding o f  the  
reac t ions  o f  h.ydrogen i s  beq inn ing  t o  emerge. I n  t h i s  paper, an attempt i s  
made t o  ca tegor i ze  t h e  major reac t i ons  o f  hydrogen and t o  j u s t i f y  these 
reac t ions  i n  terms of t h e  observat ions made. 

av 

Chemical E f f e c t s  Observed i n  Hydropyro lys is  

Reduct ion o f  Coke Format ion 

The most obvious and perhaps most impor tan t  e f f e c t  o f  hydrogen i s  the  
i n h i b i t i o n  o f  coke fo rming  react ions.  I n  hyd ropy ro l ys i s  of t a r  sand bitumen, 
which y i e l d s  16-20% coke i n  de lay  k i n g  processes, cond i t i ons  e x i s t  i n  
which v i r t u a l l y  no coke i s  produced. T2-'? Representa t ive  r e s u l t s  a re  shown i n  
Table 1. 

Table 1 

Product Yields from Coking and 
!!ydropyro:yjis af Tar Sand Bitumen 

SUNNYSIDE SITUMEN ATHAB4SCA RITUMEN 
Coki nq Hydropyro lys is  T o k i n g  Hyd ropy ro l  y s  i s 

WEIGHT PERCENT YIELDS 
(Co i led  Tube) ( V e r t i c l e  Tube) 

Gas 8.9 27.0 
L i q u i d  71.0 73.0 
Coke 20.1 NIL 

7.5 1.7 
76.5 93.7 
16.0 4.6 
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Reduction o f  Dehydrogenation o f  Naphthenes 

i It has a l so  been observed t h a t  d u r i n g  hyd ropy ro l ys i s  l i t t l e  change i n  
t o t a l  aromatic carbon occurs (Ca = .22 f o r  products and .19 f o r  g y d s t o c k )  
wh i l e  coking d r a m a t i c a l l y  increases the  aromat ic carbon (Ca = .30).( It has 
a l s o  been observed t h a t  hydropyro lys is  p roduc ts  possess a h ighe r  f a c t i o n  

Saturates 
Monoaromatics 
Diaromat ics 
Poly-Polar Aromatics 

Coking H yd ropy r ol y s i s 

52.4 59.4 
8.4 12.0 
6.1 4.4 

33.0 24.1 

Gas/Liquid/Coke (weiqht percent )  4/81/15 17/ 83/ 0 
Avg. M.W. L iqu ids  321 336 

*Values qiven are on a feed bas is ;  gas produc t ion  i s  lumped i n t o  the  sa tura tes  
p o r t i o n  and coke produc t ion  i s  lumped i n t o  the  po ly -po la r  aromat ics f rac t i on .  

From the da ta  above i t  i s  no t  poss ib le  t o  t e l l  whether t h e  p r i n c i p a l  
e f f e c t  of hydropyro lys is  i s  t o  i n h i b i t  t he  denydrogenation of naphthenes t o  
form aromatics o r  t h a t  hydrogenat ion of condensed aromat ics t o  form 
monoaromatics i s  occur ing.  As w i l l  be shown below both  appear t o  be 
happening. NMR data  taken on an Athabasca bitumen and the  l i q u i d  products 
from hydropyro lys is  (93% y i e l d s )  suggests t h a t  t h e  f r a c t i o n  of monoaromatic 
carbon increases w i t h  hyd ropy ro l ys i s  processing. For the  Athabasca case the  
f r a c t i o n  aromatic carbon ( fa )  dec l i nes  from 0.35 t 0.28 wh i l e  the  f r a c t i o n  
aromat ic hydrogen (Ha) increases from .04 t o  .05, c l e a r l y  showing lower l e v e l s  
condensation and/or a lower degree of a l k y l  s u b s t i t u t i o n .  

Hydrogenation o f  Aromatics and O l e f i n s  

The observat ion t h a t  t o t a l  aromat ic carbon remaines v i r t u a l l y  constant 
( o r  i n  some cases dec l i nes )  w h i l e  the  d i s t r i b u t i o n  s h i f t s  from polycondensed 
aromat ics toward monaromatics s t r o n g l y  suggests t h a t  polycondensed aromatics 
a re  being h.ydrogenated. In hydropyro lys is  where coke format ion i s  small the  
amount o f  polyaromat ics i n  the  feed t h a t  can be accounted f o r  by l o s s  t o  coke 
i s  l im i ted .  
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I n  an at tempt t o  asce r ta in  whether o r  no t  aromat ics a re  i n  f a c t  being 
hydrogenated d u r i n g  hydropyro lys is ,  a m ix tu re  o f  5% naphthalene i n  n- 
hexadecane was hydropyrolyzed a t  54OOC and 2000 p s i g  H and 30 sec residence 
time. The 
i d e n t i t y  o f  t e t r a l i n  was confirmed by mass spectroscopy. Ca lcu la t i ons  o f  the  
thermodynamic equi  1 i b r i u m  between sa tura tes  and aromat ics reveal  t h a t  on ly  the  
mono-aromatics are s t r o n q l y  favored a t  these cond i t ions .  I n  t h e  t e t r a l i n -  
naphthalene system and a t  t h e  reac t i on  cond i t i ons  given t h e  e q u i l i b r i u m  
concent ra t ion  f o r  t e t r a l i n  i s  0.3 mole f r a c t i o n  ( i n  the  absence o f  c rack ing  o f  
t e t r a 1  i n ) .  

As w i t h  a romat ics  t h e r e  i s  a l s o  a t r o n g  tendency t o  hydrogenate 
o l e f i n s .  It has p r e v i o u s l y  been reported( 'S2f t h a t  o l e f i n s  conten t  i s  reduced 
i n  hydropyro lys is  by as much as 50-80% compared t o  thermal c rack inq  i n  an 
i n e r t  atmosphere. A t  h igher  Pressure Z 2000 p s i g  H2 te rmina l  o l e f i n s  a re  
v i r t u a l l y  absent from t h e  products of hydropyro lys is  of n-hexadecane. I t  i s  

5.7 f o r  t he  case wlen n-hexadecane was hydropyrolyzed i n  the  absence o f  
naphthalene. Th is  d a t a  suqqests t h a t  aromat ics compete w i t h  o l e f i n s  fo r  
a v a i l a b l e  hydrogen d u r i n g  sa tura t ion .  

An i n t e r e s t i n g  e f f e c t  of the presence of naphthalene was t o  reduce the 
conversion o f  n-hexadecane a t  constant reac t i on  cond i t ions .  'rlhen o ther  
unsaturated bonds such as o l e f i n ,  carbony l ,  o r  s u l f o x i d e  are  added t o  the  
system i m i l a r  reduc t i on  i n  the  l e v e l  o f  c rack inq  o f  n-hexadecane i s  

4 1 ~ 0 ,  t h e  g rea te r  the  concent ra t ion  o f  unsaturated bonds added, 
t h e  grea ter  i s  t h e  p roduc t i on  o f  o l e f i n s  from n-hexadecane. This inverse  
r e l a t i o n s h i p  between concen t ra t i on  o f  unsaturated species and c rack ing  ra tes  
of sa tura ted  species c l e a r l y  suqgests the  ex is tence o f  compe t i t i ve  reac t ions .  

Approximately 6% o f  t he  naphthalene was c o n v e r b  t o  t e t r a l i n .  

noteworthy t h a t  i n  t h e  experiment i n  which naphthalene was added t o  n- I 
hexadecane the  C5-Ci pa ra f f i ns  t o  o l e f i n  r a t i o n  dec l i ned  t o  3.0 compared t o  1 

Promot i on o f  Deal ky 1 a t  i on 

Hydropyro lys is  appears t o  promote deal k y l a t i o n  reac t ions .  Evidence for 
d e a l k y l a t i o n  a t  t he  r i n g  can be seen from NMR da ta  f o r  the  Athabasca case i n  
which the f r a c t i o n  o f  a l i p h a t i c  hydrogen alpha t o  an aromat ic r i n g  i s  reduced 
from 0.27 t o  0.21. I n  coking, by cont ras t ,  d e a l k y l a t i o n  a t  the  benzy l i c  
p o s i t i o n  i s  genera l l y  favored and the  f r a c t i o n  o f  a l i p h a t i c  hydrogen alpha t o  
t h e  r i n g  tends t o  increase. Fur ther ,  when pentane so lub le  maltenes from t a r  
sand bitumen are subjected t o  hy p y r o l y s i s  the products are shown t o  conta in  
11% pentane- inso lub le  m a t e r i a l  .@f This  ma te r ia l  i s  charac ter ized  as h i g h l y  
dea lky la ted  ma te r ia l  (H/C Z 0.9). 

I n  an attemDt t o  examine the  chemistry o f  dea lky la t i on ,  a m ix tu re  o f  20% 
n-Propyl benzene i n  n-hexadecane was subjected t o  hyd ropy ro l ys i s  a t  2000 psig, 
540" and 30 sec res idence time. I n  order  t o  separate the  h.ydrogen pressure 
e f fec ts  from the  t o t a l  pressure e f f e c t s  a second run  was made w i t h  a p a r t i a l  
Pressure Of 500 p s i  H2 and 1500 p s i  He. React ion cond i t i ons  were otherwise 
i d e n t i c a l .  Resu l ts  a re  shown i n  Table 3. As the  concent ra t ion  o f  aromat ics 
i s  increased or t h e  p a r t i a l  pressure o f  hydroqen i s  decreased, the  l e v e l  of 
conversion of both reac tan ts  i s  decreased. These r e s u l t s  are cons is ten t  w i t h  
those stated above, which shows t h a t  hydrogen acce le ra tes  t h e  c rack ing  
react ions.  
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The r e s u l t s  show t h a t  d e a l k y l a t i o n  a t  t he  r i n g  p o s i t i o n  i s  promoted by 
t h e  Dresence o f  hydrogen. The r a t i o  o f  benzene t o  to luene va r ies  d i r e c t l y  
w i t h  the  p a r t i a l  pressure o f  hydrogen. These r e s u l t s  a re  cons is ten t  w i th  
hydrodea lky la t ion  chemistry i n  which a t tack  by a hydrogen atom a t  an ipso  
P o s i t i o n  r e s u l t s  i n  cleavage of t h e  a l ky l -a romat i c  bond. 

The pressure o f  aromat ic t o  t h e  system reduces the  l e v e l  of o l e f i n  
sa tu ra t i on  bu t  no t  as much as a reduc t i on  i n  the  p a r t i a l  pressure of 
hydrogen. These r e s u l t s  a re  cons is ten t  w i t h  those obtained when naphthalene 
was added t o  the  system. Thus, t he  aromat ic r i n q  appears t o  ac t  as a s ink  t o  
dep le te  t h e  popu la t ion  o f  H' i n  t h e  reac t i on  zone. 

Hydrop.yrolysis Promotes a Broader D i s t r i b u t i o n  o f  Products 

The reduc t ion  i n  the  C4/C1 r a t i o  seen i n  Table 3 i s  cons i s ten t  w i t h  an 
i nc reas ing  thermal e f f e c t  and decreasing h y d r o p y r o l y t i c  e f f e c t .  I t  i s  
noteworthy t h a t  i n  hydropyro lys is  C3-C4 gas produc t ion  i s  enhanc wh i l e  
methane produc t ion  i s  g r e a t l y  reduced i n  r e l a t i o n s h i p  t o  cokingeQ3) ( a t  
constant conversion). Fur ther ,  t h e  bo i  1 i ng p o i n t  d i s t r i b u t i o n  
hydropyro lyza te  i s  broader than w i t h  coker d i s t i l l a t e  from the  same feed.( 
This i s  i l l u s t r a t e d  i n  Figure-1 which a l so  compares t h e  b o i l i n g  p o i n t  
d i s t r i b u t i o n  o f  hydropyro lys is  products w i t h  v i r g i n  crude o i l .  These r e s u l t s  
suggest t h a t  hydrogen p lays  on impor tan t  r o l e  i n  f r e e  r a d i c a l  t rans fe r  
(propogat ion) reac t i ons  r e s u l t i n g  i n  a wider v a r i e t y  o f  c rack ing  events than 
i s  the  case w i t h  coking. 

Table 3 

Hydropyro lys is  o f  n-Propylbenzene i n  n-Hexadecane 

\ 

\ I f  

Feedstock (Atmosphere) 
20% n-propyl  

Conversion 
n-hexadecane 88.5 
n-propyl benzene --- 83.6 

31 .O 
79.4 
26.6 

Product Y ie ld  
Product (percent o f  n-propyl  benzene converted ) 

benzene 0 
t o 1  uene 0 
s ty rene 0 
e t h v l  benzene 0 
(un jden t i  f i e d  100 

o r  not l i s t e d )  100 

C8 P a r a f f i n / O l e f i n  4.3 
' 4 l c I  2.1 

13.7 
14.7 
12.7 
52.8 
6.1 

1o010 
Other I n d i c a t o r s  

3.2 
1.9 

8.9 
16.6 

6.4 
52.4 
15.7 

1oo.o 

0.9 
1.5 
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React ions o f  Hydrogen 

Molecular Hydrogen - The p r i n c i p a l  reactio(l l)of mo lecu la r  hydrogen i s  as a 
reac tan t  i n  the  general metathesis reac t i on  ( a c t i v a t i o n  energies given are 
f o r  t h e  a l k y l  r a d i c a l ) :  

Ea=14-15 K cal /mol 
+ 

E z 9 K cal/mol 
React ion 1 R- ( o r  Ar') + H2 +- 

a 

RH ( o r  ArH) + H* 

The s i g n i f i c a n c e  o f  t h i s  reac t i on  t o  hyd ropy ro l ys i s  cannot be 
overstated. It i s  through t h i s  reac t i on  t h a t  f r e e  r a d i c a l s  are saturated. 
Equa l l y  impor tan t  i s  t h e  f a c t  t h a t  hydrogen atoms are produced. Product ion o f  
hydrogen atoms i s  c r i t i c a l  t o  hydropyro lys is  chemi5tr.y and the mechanism shown 
i n  the  above r e a c t i o n  prov ides  a means f o r  p roduc t ion  o f  hydrogen atoms a t  
modest temperatures. Good contac t  between hydrogen and the  f r e e  rad i ca l s ,  i s  
important and homogeneous, vapor-phase r e a c t i o n  cond i t i ons  favo r  t h i s  
reac t ion .  Hydrogen a b s t r a c t i o n  reac t ions  are thought t o  occur a t  apprec iab le  
ra tes  ffl) a l k y l  hydrogen a t  410' and fo r  aromat ics a t  about 425OC dur ing  
coking. On t h i s  bas i s  and cons ider ing  r e l a t i v e  bond d i s s o c i a t i o n  energies, 
i t  may be p r e d i c t d  t h a t  t he  forward metathesis r e a c t i o n  accurs a t  s i g n i f i c a n t  
ra tes  a t  temperatures above about 435OC. Indeed many hydrov isb  
processes operate a t  temperture regimes j u s t  above t h i s  temperature 
the  metathesis r e a c t i o n  i s  probably impor tan t  t o  these processes as we l l .  

The e f f e c t  o f  t h e  metathesis reac t i on  can be seen i n  the  observat ions 
1 i s t e d  above. F i r s t ,  dehydrogenation o f  naphthenes i s  reduced because 
molecular hydrogen serves the  func t i on  of p rov id ing  hydrogen t o  sa tuara te  f ree  
rad i ca l s .  Second, a r y l  f r e e  rad i ca l s  a re  sa tura ted  be fore  they can add t o  
arenes forming thermodynamical ly s tab le  a r y l - a r y l  bonds. The r e a c t i o n  o f  a 
r a d i c a l s  w i t h  arenes i s  thought t o  be an e1ementar.y step i n  coke fo rmat ion  
and suppression o f  coke i s  due i n  p a r t  t o  react ion-1.  Third,  a l k y l  rad i ca l s  
a re  saturated be fore  they  can undergo B-SCiSSiOn and overcrack. There i s  
a c t u a l l y  a reverse  arguement t o  t h i s  l a t t e r  p o i n t  i n  which the  reverse o f  
reac t i on -1  r e s u l t s  i n  accelerated cracking. The net e f f e c t  i s  t h a t  molecular 
and atomic hydrogen ac t ,  i n  e f f e c t ,  as veh ic les  f o r  t he  t r a n s f e r  o f  f ree  
r a d i c a l  r e s u l t i n g  i n  a more random p o i n t  of c rack ing  than i s  experienced w i th  
thermal crackinq. Thermal c rack ing  i s  more e n e r g e t i c a l l y  c o n t r o l l e d  and as a 
r e s u l t  the products tend t o  be more s e l e c t i v e l y  d i s t r i b u t e d  between very l i g h t  
gases or heavy gas o i l s .  I n  hydropyro lys is ,  s i g n i f i c a n t  amounts of LPG and 
middle d i s t i l l a t e  a re  generated as discussed above. 

i9p k: ,": 

FYI 

Atomic Hydrogen 

Evidence for t he  presence o f  atomic hydrogen i n  hydropyro lys is  i s  c lea r  
from the observa t ions  presented. Based on react ion-1,  t he  popu la t ion  of 
hydrogen atoms would tend t o  increase as the  o v e r a l l  popu la t ion  o f  f ree  
r a d i c a l s  increases and as the  concent ra t ion  o f  hydrogen (gas /o i l  r a t i o )  
increases. React ions o f  atomic hydrogen can be grouped i n t o  two general 
t ypes :  ( i )  f r e e  r a d i c a l  hydrogen a d d i t i o n  and ( i i )  f r e e  r a d i c a l  hydrogen 
abs t rac t i on  reac t i ons  . 

The hydrogen a d d i t i o n  reac t ions  are charac ter ized  by a t tack  on 
unsaturated bonds, o l e f i n s  and aromatics, t o  form a l k y l  o r  cyclohexadienyl-  
t ype  rad ica ls ,  respec t i ve l y .  These r a d i c a l s  subsequently undergo metathesis 
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reac t i ons  with hydrogen t o  sa tu ra te  t h e  r a d i c a l  and regenerate t h e  hydrogen 
atom. The presence o f  unsaturated bonds tends t o  decrease t h e  o v e r a l l  
popu la t ion  of H* as evidenced by the  reduced c rack ing  ra tes  f o r  n-hexadecane 
when unsaturated bonds a re  present. 

I f  hydrogen adds t o  a subs t i t u ted  aromat ic carbon it i s  p robab le  t h a t  

t he  C-C bond. The same e f f e c t  i s  not t r u e  f o r  a r y l - a r y l  bon owever, which 

adds t o  an unsubs t i tu ted  aromatic carbon and a hydrogen i s  e l im ina ted  be fore  
the  f ree  r a d i c a l  can be hydrogenated an unproduct ive event occurs which cannot 
be observed i n  the  products. This reac t i on  may, however, account f o r  t he  s ink  
fo r  H' observed when aromat ics are present. 

Hydrogen a b s t r a c t i o n  reac t i ons  are a l s o  impor tan t  t o  hyd ropy ro l ys i s  
resu l t s .  Hydrogen abs t rac t ion ,  o r  t he  reverse o f  react ion-1,  r e s u l t s  i n  a 
f ree  r a d i c a l  which can subsequently undergo @-sc i ss ion  t o  crack t h e  molecule 
i n  two. The f a c t  t h a t  t he  r a t e  o f  c rack ing  o f  n-hexadecane depends upon the  
H' concent ra t ion  t e s t i f i e s  t o  t h e  importance o f  t h i s  reac t ion .  The broad 
d i s t r i b u t i o n  o f  t he  products as we l l  as the  r e l a t i v e l y  h igh  concen t ra t i on  of 
LPG range gases i nd i ca tes  t h a t  a less s e l e c t i v e  and more random c rack ing  i s  
occurr ing.  This i s  probably due t o  the  less d i s c r i m i n a t i n g  na tu re  o f  H' 
a b s t r a c t i o n  vs. f r e e  r a d i c a l  abs t rac t i on  i n  t h e  absence o f  h,ydrogen. 

\ r i n g  d e a l k y l a t i o n  w i l l  occur due t o  the  r e l a t i v e  s t reng th  o f  t h e  C-H bond VS. 

\ a re  thought t o  be s t ronger  than t h e  corresponding C-H bond. ??'.of If hydrogen 
'> 

SUMMARY 

I n  summary, both molecular hydrogen and atomic hydrogen are  reac tan ts  i n  
hyd ropy ro l ys i s  o f  res idua l  o i l .  The reac t ions  of hydrogen pos tu la ted  can 
account f o r  t he  major d i f f e rences  between p y r o l y s i s  i n  an i n e r t  atmosphere and 
hydropyro lys is .  Coke i s  i n h i b i t e d  through s a t u r a t i o n  o f  a r y l  r a d i c a l s  by 
molecular hydrogen and throuqh hydrogenation o f  v i n y l  aromat ics (and o l e f i n s )  
by a d d i t i o n  o f  H'. Cracking ra tes  are  enhanced throuqh hydrogen a b s t r a c t i o n  
react ions.  Product d i s t r i b u t i o n  i s  broadened throuqh l e s s  e n e r g e t i c a l l y  
d i s c r i m i n a t i n g  f r e e  r a d i c a l  format ion.  H,ydrogen a l s o  seems t o  a c t  as an 
e f f e c t i v e  heat t rans fe r  f l u i d  and as a d i l u a n t  t o  i n h i b i t  b imo lecu la r  a d d i t i o n  
o r  condensation reac t i ons  r e l a t i v e  t o  unimolecular c rack ing  reac t ions .  I n  
time, as t h e  r e l a t i v e  k i n e t i c s  o f  these reac t i ons  become b e t t e r  understood 
s p e c i f i c  process development routes may become apparent. The a p p l i c i b l i t y  o f  
hyd ropy ro l ys i s  t o  upgrading feedstocks f rom a v a r i e t y  of sources and 
composi t ions should l i k e w i s e  become more apparent. 
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NOMINAL BOILING POINT 'C 

Figfrre I .  Distilintion curves for selected far sand prodcrcf.r nrrd WLnitlgton crrrde 
oil: Asphalt Rid,qe coker di.srillare (97% disfillnble. 27" A P I )  (-); Asphalf 
Ridge 1r.vdropyroly.ris conden.sah1e.r (85% di.rtil/ahle, 25" A P I )  (- - -); Wiiming- 

ton, CA cricde oil (65% distillohle, 20" A P I ) ( -  . -). 



HYDROGEN INCORPORATION IN RESIDUUM CONVERSION 

i Samil Beret and John G. Reynolds 

Chevron Research Company, Richmond, California 94802-0627 
L 

\ Introduction 

In the last ten years there has been a large increase in 
residuum hydroconversion capacity in the United States and overseas. 
This expansion was derived from the expectation that the spread in 
market values between the high sulfur fuel oil and the light transpor- 
tation fuels would increase to support the large investments required 
for these conversion facilities. 

The reason for residuum conversion is simple--increasing the 
hydrogen-to-carbon ratio (H/C) and lowering the molecular weight gen- 
erates marketable distillate products. Figure 1 illustrates this 
qualitatively. It shows a Stangeland (1) chart for pure paraffins, 
aromatics, and a number of petroleum fractions. The residuum is 
located to the right at higher carbon numbers. From a knowledge of 
the boiling points of pure paraffins and polycyclic aromatics, extra 
guidelines are drawn to represent approximate boiling points. This 
chart is very useful because it shows the extent to which carbon 
number must be reduced or hydrogen added to generate the desired light 
stocks. To correct this hydrogen imbalance, various residuum con- 
version processes either add hydrogen or reject carbon. A partial 
list of conventional residuum conversion options is shown in Table I. 
Thermal and extractive processes generally reject carbon while hydro- 
conversion schemes add hydrogen. 

Residuum Hydroconversion 

The choice of residuum conversion process depends on the 
unique set of circumstances for each refinery, for example, feed- 
stocks, existing equipment, and capital constraints. If the objective 
is to produce a distillate product slate, then hydroconversion can 
serve as an efficient process for conversion of lower value hydro- 
carbon feedstocks and heavy residuum to high quality distillate 
products. 

Figure 2 shows a residuum hydroconversion refinery in its 
basic form is shown in Figure 2. The residuum feedstock is partially 
converted to C4-100O0F distillate liquids and C1-C3 gas. The hydrogen 
necessary for the operation is supplied from an outside source. The 
hydroconversion reaction system may be thermal, catalytic, or may 
consist of a series of thermal and/or catalytic steps. Operating 
conditions, nature of the catalysts, and various processing schemes 

Encl. - Tables I-IV 
Figure 1 (RE 832399) 
Figures 2-6 
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(for example, "recycle") all affect and define the process severity. 
The process severity in turn affects conversion, product slate, vol- 
umetric expansion, and hydrogen consumption. 

It should be noted that the operating conditions, catalysts, 
and processing techniques vary considerably among the commercial 
hydroconversion processes: but as shown in Figure 3 ,  both the total 
hydrogen consumed and the residuum conversion increase invariably with 
increasing process severity. Figure 3 represents hydrogen consumption 
and conversion data for Arabian Light residuum processing at different 
sulfur levels ( 2 ) .  This representation is based on Chevron-designed 
catalysts operating at conditions capable of giving run lengths of at 
least six months. For maximum conversion, operation at high severi- 
ties is required. 

In this paper, we use total conversion to distillates and 
the hydrogen consumed by the process as relative measures of process 
severity. Admittedly, these are relative definitions, but they allow 
evaluation of hydroconversion processes in general without regard to 
the details unique to each process (e.g., catalyst, reactor type, tem- 
perature, etc.). For a given example, referring to Figure 3 ,  the 
relative hydrogen consumed at hydrocracking conversion depends upon 
the desired S specification of the product. Because we are only 
interested in the relative hydrogen consumed, knowledge of the spe- 
cific process details are not necessary. 

Under the usual hydroconversion conditions (elevated tem- 
peratures and pressure, high hydrogen-to-feed ratios, and high activ- 
ity catalysts), many reactions with hydrogen proceed simultaneously. 
These include: hydrocracking, aromatization, hydrogenation, condensa- 
tion, hydrodesulfurization, hydrodenitrification, deoxygenation, 
demetalation, and isomerization. However, these reactions do not all 
occur at equal ratios. Judicious selection of catalysts and proces- 
sing conditions favor one or more of these reactions over others. One 
can learn more about the relative impact of these reactions by study- 
ing the stoichiometry of hydrogen incorporation. 

Stoichiometry of Hydrogen Reactions 

We used the same analytical approach as PinSeth et el. ( 3 :  
in formulating the hydrogen/residuum reactions. Finseth and his col- 
leagues were interested in coal conversion chemistry and the role of 
hydrogen during coal liquefaction. However, the same approach with 
some modifications can be used to study the role of hydrogen during 
residuum conversion. The fact that it is difficult to understand the 
molecular level mechanisms of hydrogen incorporation should not pre- 
clude understanding the overall chemistry. 

As Finseth, hydrogen/residuum reactions are classified into 
six categories: 

1. Hydrogenation and dehydrogenation. 
2 .  Hydrocracking and ( its reverse) condensation. 
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3. Isomerization and hydrogen exchange. 
4. Desulfurization. 
5. Denitrification and deoxygenation. 
6. C1-C3 gas production. 

This grouping is done basically to generalize the stoichio- 
metries of very high number of reactions. Once the stoichiometry is 
established then it is possible to devise a technique which discrimi- 
nates among these six hydrogen reaction routes. 

We used 'H and 13C NMR to determine the hydrogen distri- 
bution during hydrogenation/dehydrogenation reactions. We have seen 
only aromatization as the dehydrogenation reactions. Hydrogenation 
consumes one hydrogen atom for every carbon reduced. For example, if 
a residuum sample containing 25 aromatic, 75 aliphatic carbons is 
hydrogenated to 20 aromatic, 80 aliphatic carbons, 13C NMR should 
detect the change in aromaticity from 25% to 20%. 

The second category of reactions, cracking/condensation, is 
more difficult to determine. No satisfactory method is available to 
count the number of cracking reactions occurring during residuum con- 
version. However, if all of hydrogen involved in the other five cate- 
gories of reactions are accounted for, then we can calculate the 
hydrogen consumed due to cracking by difference. 

The total change in hydrogen content can be determined by 

The third class of reactions, isomerization/exchange, does 

classical elemental analysis. 

not affect net hydrogen incorporation. Therefore it is not considered 
here. 

The remaining three categories are basically bond scission 
reactions eliminating heteroatoms and forming C1-C3 gases. Gas pro- 
duction is easily measured and analyzed with commonly available ana- 
lytical instruments. Since two hydrogens are incorporated for every 
molecule of C1-C3 formed (mostly due to alkyl chain cracking 
reactions), these gas analyses provide a good estimate of hydrogen 
consumed in gas formation. 

It is difficult to quantify accurately hydrogen consumed due 
to heteroatom (S, N, 0) removal due to the multiplicity of reactions. 
For simplicity, we assume sulfur in the residuum occurs as thiophenic. 
Therefore, two hydrogen atoms are incorporated into the residuum for 
each sulfur removed. 

We also assume nitrogen as pyrrolic and oxygen as a mixture 
'Therefore, one hydrogen atom is incorpo- of carboxylic and phenolic. 

rated into the residuum for each N or 0 removed. 

Even though carboxylic acid amides and other compounds have 
been detected in residua ( 4 ) ,  the above assumptions should not affect 
the calculations significantly because no residua studied contained 
more than 2% N, 0. Furthermore, probably any deviations in 
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s t o i c h i o m e t r y  d u e  to  v e r y  l a r g e  number o f  r e a c t i o n s  i n v o l v i n g  h e t e r o -  
atoms t e n d  t o  c a n c e l  e a c h  o t h e r  and are t h e r e f o r e  s e l f - c o r r e c t i n g .  

Coking r e a c t i o n s  p r o d u c e  i n s o l u b l e  o r g a n i c  material  which is 
n o t  accounted  f o r  i n  t h e  above  a n a l y s i s ,  p r i m a r i l y  r e d u c i n g  t h e  amount 
o f  m e a s u r a b l e  a r o m a t i c i t y  o f  t h e  p r o c e s s e d  p r o d u c t s .  I n  hydroconver-  
s i o n ,  t h e s e  l e v e l s  were a l l  u n d e r  l%, and g e n e r a l l y  less t h a n  0.5%. 
These  l e v e l s  s h o u l d  h a v e  l i t t l e  a f f e c t  on t h e  c a l c u l a t i o n s .  

T h e r e f o r e ,  u s i n g  l H  and 1 3 C  NMR, a s  w e l l  as e l e m e n t a l  a n a l y -  
s is  and q u a n t i t a t i v e  g a s  a n a l y s i s ,  one  c a n  d e t e r m i n e  t h e  n e t  hydrogen 
i n c o r p o r a t e d  d u e  t o  e a c h  o f  t h e  s i x  c a t e g o r i e s  o f  r e a c t i o n s .  F u r t h e r -  
more, i f  t h e s e  d e t e r m i n a t i o n s  a r e  c o u p l e d  t o  p r o c e s s  p a r a m e t e r s ,  t h e y  
g r e a t l y  enhance  t h e  u n d e r s t a n d i n g  o f  res iduum c o n v e r s i o n  c h e m i s t r y  and  
hydrogen u t i l i z a t i o n .  With t h e s e  g o a l s  i n  mind,  w e  c o n d u c t e d  res iduum 
h y d r o c o n v e r s i o n  e x p e r i m e n t s  a t  d i f f e r e n t  p r o c e s s  s e v e r i t i e s  and ana- 
l y z e d  b o t h  t h e  l i q u i d  and g a s  p r o d u c t s  as w e l l  as  t h e  f e e d  e x t e n s i v e l y  
u s i n g  t h e  t e c h n i q u e  d e s c r i b e d  h e r e .  

E x p e r i m e n t a l  

Three  C a l i f o r n i a  r e s i d u a  ( d e s i g n a t e d  A,  B ,  and C )  were 

The 1 3 C  NMR and 'H NMR s p e c t r a  were r e c o r d e d  on  e i t h e r  a 

o b t a i n e d  by s i n g l e - p l a t e  d i s t i l l a t i o n  of  t h e  c o r r e s p o n d i n g  c r u d e .  

Bruker  CXP 300 or WH-90 s p e c t r o m e t e r s .  The s a m p l e s  were p r e p a r e d  a s  
d i l u t e  s o l u t i o n s  i n  d e u t e r a t e d  c h l o r o f o r m  w i t h  t e t r a m e t h y l s i l a n e  a s  
r e f e r e n c e .  I n t e g r a t i o n s  were per formed by t h e  s p e c t r o m e t e r s ,  and t h e  
r a t i o s  were c a l c u l a t e d  by hand.  The NMR s p e c t r a  were i n t e r p r e t e d  by 
t h e  method o f  Young a n d  G a y l a  (5). N o  o l e f i n s  were o b s e r v e d  i n  
s p e c t r a .  Gadol in ium tris(1,1,2,2,3,3-heptafluoro-7,7-dimethyl- 
4,6-oc tanedione)  was added  as  a r e l a x a t i o n  a g e n t  t o  e n s u r e  a c c u r a t e  
i n t e g r a t i o n  of  t h e  a r o m a t i c  r e g i o n .  The aromatic r e g i o n  was i n t e -  
g r a t e d  be tween 110-180 ppm. The a l i p h a t i c  r e g i o n  was i n t e g r a t e d  
between 0-60 ppm. Each  were c a l c u l a t e d  as  p e r c e n t a g e  o f  t h e  t o t a l  
i n t e g r a t e d  a r e a  ( m i n u s  t h e  s o l v e n t  p e a k s ) .  

s i t i o n  o f  t h e  g a s .  
T o t a l  aromatic c o n t e n t  o f  l i q u i d  is a d j u s t e d  f o r  t h e  compo- 

Elemcnta: a n a l y s e s  usre perfor laed  by Chevron R e s e a r c n  
Company A n a l y t i c a l  Depar tment .  C , H  were done  by C a r l o  E r b a ,  N by 
e i t h e r  Mettler ( D u m a s )  or Dohrmann (ASTM D 3 4 3 1 ) ,  S by Dohrmann (ASTM 
D 3 1 2 0 ) ,  and  metals by  e i t h e r  X-ray f l u o r e s c e n c e  or i n d u c t i v e l y  
coupled  plasma e m i s s i o n s .  B o i l i n g  p o i n t  d i s t r i b u t i o n  was d e t e r m i n e d  
by t h e m o g r a v i m e t r i c  a n a l y s i s  (TGA). Gas c o m p o s i t i o n  w a s  d e t e r m i n e d  
by g a s  c h r o m a t o g r a p h y .  

Hydroconvers ion  E x p e r i m e n t s  

H y d r o c o n v e r s i o n  e x p e r i m e n t s  were c o n d u c t e d  i n  a f low 
r e a c t i o n  s y s t e m  u s i n g  t h e  heavy r e s i d u a  from C a l i f o r n i a  c r u d e s .  
I n s p e c t i o n s  of  t h e s e  r e s i d u a  a r e  g i v e n  i n  T a b l e  11. These  r e s i d u a  are 
v e r y  r i c h  i n  n i t r o g e n ,  s u l f u r ,  and metals. A r a b i a n  Heavy 730°F+ o i l  
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is included for comparison. They represent a big challenge for the 
refining industry in the coming decades. 

using different sets of operating variables such as temperature, pres- 
sure, residence time, hydrogen circulation rate, and catalyst. Total 
hydrogen consumption varied from 600-2100 SCF/bbl of feed. Residuum 
conversion (lOOO°F+/lOOOOF-) ranged from 50-95%. Hydrogen consump- 
tion, 1000°F+ conversions, and the percent aromatic carbon are summa- 
rized in Table 111. 

These feedstocks were processed at different severities 
t 

Hydrogenation, Cracking, 
and Process Severity 

The number of hydrogen atoms incorporated per 100 carbon 
atoms is compared in Figure 4 for Residuum A, 850°F+ cut point at 
three different conversion levels (Table 111: Runs ZA, 2B, and 2C). 
With increasing process severity, the number of hydrogen atoms con- 
sumed due to cracking and gas formation reactions appears to increase 
linearly. The bulk of the hydrogen is used to cap the ends of cracked 
fragments. Since two hydrogens are incorporated for every molecule of 
C1-C3 gas formed, it is natural that hydrogen consumed in gas for- 
mation reactions also increases with increasing conversion. On the 
other hand, the net number of hydrogens involved in aromatic satu- 
ration remains constant in all three experiments. This may be due to 
all three experiments were at high levels of 1000"F+ conversion. At 
these high conversion levels, incremental conversion probably comes 
from cracking off alkyl branches from already hydrogenated species. 

In Figure 5, hydrogen incorporation into Residuum A 850°F+ 
is compared to that of Residuum A 650°F+. As shown in Tables I1 and 
111, 850°F+ is more aromatic and contains more heteroatoms. Due to 
its hydrogen deficient nature relative to the 650°F+, the 850°F+ con- 
sumes more hydrogen at roughly equal process severities. Comparing 
Experiments 1A to 2C in Figure 5, we see that cracking reactions con- 
sume more hydrogen with 650°F+ compared to the 850°F+. With regard to 
hydrogenation, this order is reversed, probably because some of the 
hydrogen deficient species in the 850°F+ have to be hydrogenated 
before they crack. Due to the high conversion, the number of hydro- 
gens involved in capping the cracked fragments far exceeds the hydro- 
gens involved in net aromatic saturation. 

In Figure 6, we compare two hydroconversion experiments 
conducted with Residuum B 650°F+. Experiment 3A was a thermal treat- 
ment of the feedstock, while the Experiment 3B included a catalytic 
treatment. The effect of these process differences is very apparent 
in Figure 6. The number of hydrogens incorporated due to net hydro- 
genation reactions is negative (-1.8/100 carbons) during 
Experiment 3A. This suggests that at this particular processing con- 
dition, aromatization of the residuum is occurring, and it is provid- 
ing some of the hydrogen consumed for cracking and other hydrogen 
consuming reactions. During Experiment 38, under different processing 
conditions, there is no net aromatization (indicated by the number of 
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hydrogens incorporated in hydrogenation). In fact, aromatic satura- 
tion is the dominant reaction in this case, consuming more hydrogen 
than cracking. Figure 6 is a good example of how this technique can 
be used as a sensitive test of the effect of processing conditions On 
different reaction pathways. 

This technique also reveals the sensitivity of hydrocon- 
version to characteristics of the feedstock. In Table IV, comparing 
1B to 4A, total number of hydrogens incorporated is roughly the same, 
2 4  per 100 carbons. The gross hydrogen consumption is about the same, 
about 1600 SCF/bbl. However, the starting feedstocks are very differ- 
ent. In Experiment 4 A ,  the feedstock was Residuum C 950°F+, which is 
very rich in aromatic carbon and hydrogen, but low in sulfur. (See 
Tables 11 and 111.) On the other hand, the feed in Experiment 1B was 
Residuum A 650°F+, which is less aromatic but much higher in sulfur 
(relative to Residuum C 950°F+). Due to the hydrogen deficient nature 
of the Residuum C 950°F+, more of the hydrogen is consumed in hydro- 
genating,the aromatic species than for Residuum A 650°F+. Since over- 
all conversion is the same in both experiments, there was not that 
much difference in the number of hydrogens involved in cracking and 
gas make. However, substantially more hydrogen was used to remove 
sulfur from Residuum A 650°F+ compared to Residuum C 950°F+. There- 
fore, although the same number of hydrogens were involved in both 
experiments, the distribution of these hydrogen atoms were radically 
different. 

Conclusions 

This approach yields a detailed description of hydrogen 
incorporation during residuum hydroconversion. Character of the feed- 
stock, processing conditions, and the catalyst all affect how hydrogen 
iS incorporated into residuum matrix. The two dominant reaction 
routes are hydrocracking and hydrogenation. 

reactions incorporate hydrogen equally at moderate process severities. 
At high severities, the bulk of the hydrogen is consumed by capping 
reactions of cracking fragments. Judicious selection of processing 
conditions favor one or the other. 

Our data analysis suggests hydrogenation and hydrocracking 

The feedstock characteristics also influence hydrogen incor- 
poration. With aromatic feedstocks, hydrogenation reactions compete 
equally with hydrocracking for hydrogen. With less aromatic feed- 
stocks, hydrocracking dominates over hydrogenation reactions. 

processing conditions to understanding of the overall chemistry and 
exploiting these processing conditions to tailor the process and the 
products to the desired product slate. 

The technique we presented here is useful in relating these 
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TABLE I 

RESIDUUM 
PROCESSING OPTIONS 

C u t  P o i n t ,  OF+ 

G r a v i t y ,  OAPI 
N ,  % 
s, % 
H I  % 
c ,  % 
H/C 
N i ,  ppm 
V I  PPm 
Fer  ppm 
C7 A s p h a l t e n e s ,  

Ramscarbon, % 
1000°F+ C o n t e n t  

0, 

% 

4-8-85 

Thermal  P r o c e s s e s  

. V i s b r e a k i n g  . Delayed  Coking  . F l u i d  Coking  . Steam C r a c k i n g  . P a r t i a l  O x i d a t i o n  

E x t r a c t i v e  P r o c e s s e s  

. S o l v e n t  D e a s p h a l t i n g  

C a t a l y t i c  P r o c e s s e s  

. Residuum FCC . Residuum Hydroconver s ion  

TABLE I1 

INSPECTIONS OF FEEDSTOCKS 

A r a b i a n  

11 
0.3 
4.6 

10.7 
84.1 

24 
88 
4 
8.4 

1.53 

9.8 
0.8 
5.7 

10.6 
82.0 
1.55 

109 
274 

0 
12 

5 
1.1 
5.7 

10.1 
81.5 
1.49 

139 
359 
14 
15 

16.8 
75 

lesiduum B 
850 

9 
1.1 
4.2 

10.6 
83.7 
1.52 

115 
197 

3 
i0.i 

13.7 
46 

lesiduum C 
950 

4.2 
1.0 
1.2 

10.2 
85.3 
1.44 

16 5 
75 
75 
7.6 

20.2 
95 

Chevron Research Company 
Rich ond, California 
JGR7lO 
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TABLE I11 

HYDROCONVERSION EXPERIMENTS 

Exp. 
NO. 

Total Aromatic 1000°F+ 
Hydrogen, Carbon, Conversion, 

Identification % Wt % % 
I 

1 
1A 
1B 

2 
2A 
28 
2c 

3 
3A 
38 

I 

I I I I 

Residuum A 650°F+ 
( Feed) 10.6 22.5 - 
( Product) 12.7 20 95 
( Product ) 12.4 20.3 84 

Residuum A 850°F+ 
( Feed) 10.1 26.7 - 
( Product) 12.3 20.1 79 
(Product) 12.3 20.4 82 
( Product) 12.4 20.3 87 

Residuum B 650°F+ 
( Feed) 10.5 29.5 - 
( Product) 11.2 32 60 
(Product) 11.79 22.5 73 

/Residuum C 950°F+ 
(Feed ) 

4A ( Product) 
- 
77 

I I I I 
TABLE IV 

HYDROCONVERSION OF 
RESIDUUM C 950°F+ VERSUS RESIDUUM A 650°F+ 

Feed 
Aromatic C, %* 
Aromatic H, %** 

Experiment No. 

H Atoms Incorporated/100 C 
Due to Cracking 
Due to Hydrogenation 
Due to C1-C3 
Due to Heteroatom Removal 
Total 

Residuum C 
950°F+ 

33.0 
6.7 

4A 

9.9 
8.3 
3.5 
2.4 
24.1 

x2 Consumed, 
SCF/Bbl Of 

Feed 

- 
2000 
1530 

- 
1660 
1750 
2050 

- 
600 
1100 

- 
1600 

Residuum A 
650°F+ 

22.5 
3.2 

1B 

11.9 
3.0 
3.8 
6.0 
24.7 
- 

*From 13C NMR. 
**From lH NMR. 

4-8-85 
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FIGURE 2 

GENERALIZED D I A G R A M  
R E S I D U U M  C O N V E R S I O N  REFINERY 
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FIGURE 4 

HYDROCONVERSION OF RESIDUUM A 850'F' 
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FIGURE 5 

HYDROCONVERSION OF RESIDUUM A 

Hydrogen Incorporation 

FIGURE 6 

HYDROCONVERSION OF RESIDUUM B 650'F' 

Thermal Treatment Versus Catalytic Treatmenl 

407 



P E T R O L E U M  ASPBALTENE THERMAL R E A C T I O N  P A T H W A Y S  
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I N T R O D U C T I O N  

The industrial trend toward processing comparatively refractory heavy crudes and residua that can contain 
appreciable portions (10%30%) of asphaltenes assures interest in their thermolysis. Most previous pyrolyses of 
asphaltunes have been oriented toward either elucidation of their structure (1,2) or the identilicatior. of 
fragmentation products and the dependence of their yields on pyrolysis temperature (3-6). Pyrolysis kinetics 
related to global product fractions (e.& asphaltene, maltene, coke) have also been reported (2,7). Little 
information exists, however, about the variation of the yields of the individual constituents of the product 
fractions with both time and temperature. Further, operative thermolysis mechanisms, e.g. pericyclic or free 
radical, are obscured in the complexities of the reactions of actual asphaltenes. The foregoing motivated the 
present investigation of the pyrolysis of both precipitated asphaltenea and an asphaltene model compound, 
pentadecylbeniene. 

EXPERIMENTAL 

The asphaltenes were isolated from an off-shore California crude oil via a standard procedure of precipitation 
Pentadecylbenaene (PDB), 99.4% by GC analysis, was obtained from M a  with 40 volumes of n-heptane. 

Products and used as received. 

Reac tors  

The isothermal, batch pyrolyses were at  temperatures between 350'C and 450'C for times ranging from 5 to 
180 minutes. Two reactors were used. The rust, used in asphaltenes' thermolyses, consisted of nominal 3/8 in 
stainless steel capped Swagelok port connectors attached'to'the two ends of a unier! tee. .4 redxer comccted 
the center port of the tee to a 12 in length of 1/4 in 0.d. stainless steel tubing. A 1/4 in Whitey severe 
service union bonnet valve interposed in the tubing served as a shut-off valve and also allowed attachment of 
a gauge for measurement of pressure. The second reactor, used in model compound pyrolyses, was assembled 
from a nominal 114 in port connector and two 114 in caps. 

Procedure  

For the asphaltene thermolyses the reactors were typically loaded with 1 g of asphaltene and purged with 
argon. The shut-ofi valve was then closed, and the reactor plunged into a Tecam fluidued sandbath that had 
been preheated to the pyrolysis temperature. After the desired reaction time had elapsed the reactor was 
removed from the sandbath and immediately immersed in ice water to quench the reaction. After the reactor 
assembly bad cooled and equilibrated at room temperature, the number of moles of gas produced during 
pyrolysis was estimated by measuring the reactor pressure. The gaseous products were subsequently analyzed by 
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gas chromatography. After removing the tubing and the shut-off valve, a small amount of phenylether was 

added to the reactor contents to serve as an external standard in the ensuing chromatographic analysis of the 
heptane-soluble products. The reaction products were next subjected to a series of solvent extractions (8) to 
separate and coUect the pyrolysis product fractions which were subsequently analyzed gravimetrically and by 
GC and GGMS. 

1 
i 
I During a typical model compound experiment, reactors were loaded with about 50 mg of PDB and then 3 mg 

of diphenylmethane was added to serve as an internal standard in the chromatographic analysis. After purging 
with argon, the reactors were sealed, immersed in the preheated sandbath. and after the desired reaction time 
had elapsed, removed from the sandbath and quenched in cold water. Once cool, the reaction products were 
collected in acetone and analyzed by GC. 

i 

RESULTS AND DISCUSSION 

Aaphdtenc Thermolysis 

Asphaltene pyrolysis products and global kinetics are summarized in Table 1, which lists, for reactions at 350, 
400 and 4SO'C, respectively, holdmg time, product identification, product yields, and the apparent first order 
rate constant for asphaltene decomposition. 

Pyrolyses at 350' C yielded gas, maltene (heptane-soluble), and onreacted asphaltene (heptane-insoluble, 
benzene soluble) product fractions. Coke (heptane-insoluble, benzene-insoluble) did not form, and mass balance 
closnre averaged 97%. The ultimate asphaltene conversion was leas than 10%. Within the product fractions 
listed above, the most abundant of the individual products were the light nonhydrocarbon and hydrocarbon 
gases H,S, CO,, CHI,  C,H,, C3Hs, n-C4HIo, and n-C5H12. The maximnm total gas yield observed was about 
1.0% after 150 min. The maltene fraction yield was about 10% by weight of the original asphaltene after 150 
min at this temperature. No individual product constituted a major portion of the maltene fraction but a 
series of n-parafhs was identilied with each present in trace amounts. 

Asphaltene thermolysis at 400'C produced coke in addition to gas, maltene, and asphaltene fractions. Mass 
balance closure varied from 79% to 96%. Major gaseous products at W'C were H,S, CH,, C2Ha, C3Hs, 
nC4HI0, and nC5HI2 along with lesser amounts of CO, and C2H,. The n-alkanes up t o  C,, and various 
cycloakanes were the m a t  abundant products in the maltene fraction at this temperature. The single-ring 
aromatics toluene and the xylenes were also detected in smaller proportions. 

Fqure l a  summarines the temporal variation of the yields of pyrolysis product fractions a t  400'C. Maltenes 
were more abundant than g a w  at all times, and the nearly discontinuous rate of generation of coke at 30 min 
coincided with rapid asphaltene conversion. Note that during this period of apparently rapid asphaltene 
reaction the yields of gas and maltene did not increase dramatically. 

Figure Ib shows the effect of reaction time on the yield of the major gaseons products. H,S was once again 
the major product and its yield reached an asymptotic value of about 18 mg/g asphaltene after 120 min. This 
represents abont 23% of the sulfur content of the original aspbaltene. 

Figure IC depicts the temporal rariations of selected n-pardfins a t  400'C. The yields of each &me were 
nearly equal initially, but at  longer times yield decreased as carbon number increased. Note that eicosane and 
tetracame exhibit maximum yields. This behavior indicates that these alkanes underwent secondary 

decomposition. 

Asphalkne p p l y s i s  at 450'C produced gas, maltenes, coke, and unconverted asphaltene. Mass balances 
Asphaltene conversion, to predominantly coke, was rapid, and was complete after ranged from 60% to 74%. 
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30 min. The major constituents of the gaseous fraction were saturated hydrocarbons along with H,S, and the 
identified maltenes included cyclopentane, methylcyclopentane, methylcyclohexane, toluene, cyclohexane, hylenes, 
naphthalene, and C, to C,, n-paraffins. 

For pyrolysis at N ' C ,  the proportions of the product fractions a t  90 min aligned in the descending order of 
coke, gas, and maltene. W t h m  the gas fraction H,S was a major product, and its nearly constant yield of 

%16 mg/g was of the same magnitude as the yields of methane and ethane. The yields of saturated 
hydrocarbon gar- increased steadiiy with time even after 30 min where asphaltene conversion was complete. 
Thus in addition to primary routes from the asphaltene, light hydrocarbon gases were also produced by 
secondary reactions of the maltenes and/or coke. 

F'ymlysis Pathway. 

Petroleum asphalten- are generally considered to comprise perkondensed aromatic units linked by aliphatic, 
naphthenic, or hetematomic functiondities. The peripheries of these aromatic sheets are highly substituted by 
similar moieties (942). The present results combine with the foregoing interpretation of asphaltene structure to 
permit resolution of asphaltene pyrolysis pathways as well as the secondary reactions of primary products. The 
heteroatomic g r w J  EzS and CO, were the major primary products observed from low temperature thermolyses 
and likely evolved from scission of low-energy thioether and carboxylic acid moieties respectively. Higher 
temperature primary products that  a m e  from fragmentation of carbou-carbon bonds were hydrocarbon gases, 

cycloalkanes and parafGns. It would thus be consistent that the coke observed is actually the aromatic 
asphaltenic core stripped of its peripheral substituents. This strictly primary product evidently transforms from 
benzene-soluble ta beniencinsoluble over a very small "window" of degradation (see Figore la). 

The products in the maltene fraction clearly undergo secondary reactions. This is substantiated by the 
m&um mdtene and total paraffin yields observed at 400 and 450'C (see Table 1) which are consistent with 
the notion of consecutive reactions. 

Figure 2 is a summary of the reaction pathways suggested above. Primary asphaltene reactions produce 
asphaltenic core (coke), maltenes, and gas. Secondary reactions include hsion of maltenes to lower molecular 
weight maltenes and gases, as well as reaction of the core to gar. Note that severe overreaction of primary 
products is not required to predict the formation .of large quantities of benrene-insoluble solid materials. Ths  
network is simikr to that proposed by Schucker and Keweshan (2) and supported by Speight and Pancirov (1). 

Pcntadeeylbensene T h e r m o l y s b  

A summary of PDB pyrolyses at 375, 400, 425, and.450.C is given in Table 2, which lists typical data 
eoucrinhg hd&g iimes, major products yields, product groups (Le. homoiogous series) yieids, and observed 
rustorder rate constants. 

Pyrolysis of pentadecylbeniene (PDB) at 400'C yielded toluene, 1-tetradecene, n-tridecane, styrene, and 
ethylbensene 1u major products. Also appearing at the longer reaction times in lower-yields were a series of n- 
alkanes and mlefms containiing 6 to 14 carbon atoms as well as 1-phenylalkanes and phenylolefins 
(a-phenyldk-u-cnes) with alkyl chains containing 2 to 12 carbon atoms. Phenylbutene was not detected. The 
ultimate PDB conversion was 73% at 180 minutes. The Identified Products Index (PI) ,  herein def ied as the 
total weight of all identified GCelutahle products divided by the weight of PDB initially loaded in the reactor, 
averaged 87%. The molar balance on aromatic rings averaged 86%. Charring occurred at t h s  temperature. 

Figure 3 illustrates the temporal variations of the yields of the major products at 400'C. Toluene was the 
mast abundant product thmughout the course of the reaction. The I-tetradecene yield followed toluene 
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\ 
Xitially, but its neld decreased after reaching a maxjmum value at  60 minutes. The n-tridecane yield increased 
steadily at  this temperature. During the initial 45 minutes of reaction, the styrene yield exceeded that of 

\ ethylbenrene, but after that time its yield decreased while the ethylbenzene yield continued to increase. 

\ PDB thermolysis at  425'C resulted in products identical to those observed at the lower temperatures. The 
The PI averaged 70% but ranged from 98% a t  short 

The aromatic ring molar balance averaged 86%. 

ultimate PDB conversion was 98% after 180 minutes. 
1 times to  43% at 180 minutes. Char was observed in the reactor, so this product, along with a few unidentified 

products, may account for the balance of the material. 

Table 2 shows that toluene was once more the major product. For short times of less than 15 minutes, 1- 
tetradecene followed toluene in abundance. The other major products aligned in the order n-tridecane, styrene, 
and ethylbenzene. As the reaction progressed however, the tetradecene and styrene yields decreased rapidly, and 
the n-tridecane yield decreased less rapidb. At  150 minutes the product alignment was toluene (50.4%), 
ethylbencene (17.1%), tridecane (LO%), styrene (0.4%), and tetradecene (0.4%). 

PDB Thermolysis Pathway 

A previous pyrolysis of PDB at 450'C and 600kPa by Mushrush and Haelett (13) revealed that the major 
products mre toluene, styrene, n-tridecane, 1-tetradecene, and ethylbenrene. They reported no kinetic constants 
hut did explain the observed product distribution on the basis of two-step Fabuss-Smith-Satterfield theory. 

The present results, in agreement with Mushrush and h l e t t ,  show that the major products from PDB 
thermolysis a t  low conversion were toluene, 1-tetradecene, n-tridecane, styrene, and ethylbenzene. At higher 
conversions, a complete series of n-alkanes, a-olefms, phenylalkanes, and pbenylolefins were produced. Based on 
the criterion of a positive initial slope on the molar yield VS. time curve, toluene, 1-tetradecene, styrene, and n- 
tridecane were all primary products. Ethylbenzene was also a primary product but ws produced mainly via 
secondary reactions. Figure 4, which shows the selectivity of PDB to to each of the major products, c o n f m  
the above assignments and also suggests that toluene and 1-tetradecene were produced through the same 
reaction pathway since their mlectiflties at  cero conversion were similar. Due to the rapid secondary reactions 
of styrene it is djEcult to determine its selectivity at zero conversion. However, it does appear to be nearly 
that of n-tridecane. Thus styrene and n-tridecane are likely products of the same reaction path. 

These experimental observations are summarized in the thermolysis pathway of Figure 5. 

Kinet ic  AnaIysiS 

The overall order of the reaction of PDB was determined through a series of pyrolyses at 400 '  C wberein the 
initial reactant concentration ranged from 0.0044M to 2.27M. Overall "first order" rate constants corresponding 
to  the initial concentrations studied are presented in Table 2. The concentration dependence of these rate 
constants indicate that PDB thermolysis was 1.07 order. 

H a ~ g  determined the thermolysis of PDB to be essentially fvst order, overall PDB decomposition Arrheniu 
parameters of E'=55,455 cd/mole, A=1.10 X 10'' sec-l were determined. 

PDB Thermolyms Mechanisms 

Two possible operative PDB thermolysis mechanisms are illustrated in Figure 6 and include an intramolecular 
retr*ene mechanism and a frecradical chain reaction. These were both considered by Mushrush and Hazlett. 
The  retro-ene reaction involves intramolecular hydrogen transfer to produce toluene and 1-tetradecene, whereas 
the freeradical reaction involves a sequence of elementary steps including initiation, hydrogen abstraction, 
Bscission, and termination. 
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Both mechanisms are consistent with the observed fust order kinetics as well as the observation that toluene 
and 1-tetradecene initially formed in equal yields. However, the concerted mechanism alone fails to account for 
the formation of all observed products. In contrs t ,  the free-radical formed from PDB via hydrogen abstraction 
at the o-carbon can undergo &scission to produce styrene and n-tridecane, whereas the radical formed via 
hydrogen abstraction at the Varbon  can similarly produce toluene and I-tetradecene. Hydrogen abstraction at 
other positions can account for the formation of the minor products. 

Rationalization of tbe selectivity to toluene exceeding that to styrene requires closer scrutiny. Whereas 
bydrogen abstraction is likely more rapid at the a-carbon (GH bond energy E;: 85 kcal/mole) (14) than the 
?carbon (ca. 95 kcal/mole) , thus suggesting formation of styrene preferably over toluene, the subsequent 
e i i o n  reaction step is more rapid for the ?radical (GC bond energy c 67 kcal/mole) than the a-radical 
( ea  80 kcal/mole). Clearly both of these competing effects influence the relative proportions of toluene and 
styrene in the products. The higher toluene selectivity observed experimentally thus indicates that the favorable 
energtics of the &scission reaction ontweigh the unfavorable ?hydrogen abstraction. Note, however, that the 
high toluene selectivity can also be accounted for by an efficacious retrc-ene mechanism occurring in parallel 
with a fm-radical mechanism. 

Implicationa to A a p h d t e n e  Reactivity 

Plausible extension of these model compound results to asphaltene reactivity follows. The aromatic portions 
of petroleum asphaltena, in contrast to PDB, contain more than a single ring. A hypothetical average 
structure based on 12 condensed aromatic rings has been proposed for Athabasca asphaltene (15). Furthermore, 
several of these large aromatic sheets me joined together in polymeric fashion by aliphatic, naphthenie, or 
heteroatomic linkages (9,10,12) to form an even larger asphaltene particle. Recall that to account for the high 
toluene selectivity of PDB, the proposed radical mechanism required that the alkylaromatic benrylic radical be 
an important intermediate and serve as a chain carrier. The analogous asphaltenic alkylaromatic radicals would 
be markedly larger and considerably less mobile than the benzylic radical. This diminished mobility will trap 
the radkah near their point of origin and thus constrain them to react with nearby atoms. Furthermore, at 
reaction conditions, asphaltene is considerably more viscous than PDB, thus further frustrating radical dflusion 
and transport. These likely diffusional limitations (she and viscosity), most signilkant at low asphaltene 
conversion, may increase the initial importance of intramolecular concerted reactions (e.$. re t rwne)  and free- 
radical reactions with neighboring moieties in asphaltene relative to  the model compound reactions. 

CONCLUSIONS 

1. Asphaltene pyrolysis includes primary reactions t o  its aromatic core, maltene, and gas product 
fractions. Components in each of these product fractions undergo secondary degradation to lighter 
products, gas, and presumably, char. 

2. The preent  res& indicate that the Schucker and Keweshan asphaltene structural model is a 
reasonable one, and tha t  the observed yields of pyrolysis products and product tractions can be 
interpreted using their hypothetical average stmcture. 

3. PDB thermolysis to toluene, styrene, n-tridecane, and 1-tetradecene as major products likely occurs 
by a &scission-dominated set of radical steps, but may include a concerted component. 
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FIGURE 2:ASPHALTENE REACTION PATHWAYS 
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F I G U R E  4:PDB SELECTIVITY T O  PRODUCTS 
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FIGURE 5 
PDB THERMOLYSIS PATHWAY 
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Holding Time (min) 

Tempe rat ure 

Product Fractions 
(WtZ) 

Asphaltene 
M a l  tene 
Gas 
Coke* 
Mass Balance 

n-alkane Yields 
(ms/9)  

n-C8H18 
'l-C12H26 
n - c l  6H34 
n-C20H42 
n-C24H 0 
~ o t a l  ? ~ 8 - ~ 2 5 )  

Pseudo-Fi rst 
Order k (mi n-1) 

Table I 
Asphaltene Master Table 

30 60 90 

350°C 

95.9 
4.9 
0.3 
0 

101.1 

0.08 
0.06 
0.07 - 
- 

- 

- 

92.6 
6.4 
0.6 
0 

99.3 

0.61 
0.61 
0.13 
0.05 
0.06 
0.03 
0.09 
0.02 

87.0 
8.1 
0.7 
0 

95.8 

2.31 
0.69 
0.50 
0.26 
0.22 
0.09 
0.14 
0.03 

0.06 
0.05 
0.06 
0.07 

0.8 

0.000597 

30 60 '90 

400°C 

36.6 22.6 24.6 
18.6 14.6 14.3 

3.8 3.7 4.5 
41.0 59.1 56.6 
96.3 79.0 91.8 

10.4 19.0 16.9 
0.93 1.29 1.18 
2.41 6.82 7.21 
1.63 5.59 5.70 
1.47 4.63 4.45 
0.64 1.77 1.92 
0.56 1.79 1.74 
0.12 0.20 0.19 

0.31 1.87 1.53 
0.26 1.39 1.25 
0.46 1.05 1.00 
0.15 0.71 0.63 
0.13 0.36 0.33 
4.4 18.4 16.8 

0.01227 

10  60 90 

45OOC 

8.7 0 0 
12.2 9.5 10.0 

6.8 12.6 14.0 
72.3 77.9 76.0 
74.0 66.2 67.2 

14.2 14.7 17.3 
0.97 0.90 1.23 
8.24 15.2 !9:1 
6.52 13.2 16.8 
4.56 9.49 11.7 
2.12 3.50 4.24 
2.18 2.65 2.62 
0.34 0.53 0.58 

2.33 3.70 1.35 
1.83 2.12 0.95 
1.32 0.85 0.22 
0.74 0.23 0.07 
0.30 - 0.03 

20.9 19.5 7.0 

0.24418 

*Coke yields are ca lcu la ted  by difference. 
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FREE RADICAL CRACKING OF HIGH MOLECULAR WEIGHT BRANCHED ALKANES 

Y .V .K i  8s i n  

Gulf Research and Development Co. 
P.O.Drawer 2038, Pittsburgh, PA 15230 

S t u d i e s  of thermocracking of branched alkanes play an important 
r o l e  in  several  a reas ,  including high temperature c a t a l y t i c  cracking, 
delayed coking, manufacture of o le f ins ,  degradation of polymers, and 
geochemistry. Although pr incipal  chemical reactions involved i n  thermo- 
cracking under r e l a t i v e l y  m i l d  conditions a r e  w e l l  known (1-4), detai led 
information about cracking of large branched molecules is lacking from 
the l i t e r a t u r e ,  mostly because of ana ly t ica l  problems - ident i f ica t ion  
of reaction products, various branched alkanes and olef ins ,  i n  the carbon 
atom number range C 8  - C z 0 + .  

This paper discusses  pr incipal  react ion s tages  of thermocracking of 
pristane, phytane, and squalane i n  the l iqu id  state under mild 
conditions (25OoC, 24 h) and presents analysis  of r e a c t i v i t i e s  of various 
C-H bonds i n  the hydrogen abstract ion react ions a s  well as r e a c t i v i t i e s  of 
various C-C bonds i n  the @-scission reactions. 

EXPERIMENTAL PART 

Thermocracking of pr is tane,  phytane, and squalane a t  250-3OO0C for  
24 h in  the l iqu id  s t a t e  was carr ied out  i n  small g lass  ampoules sealed 
under vacuum. Under these conditions the reaction yields  equimolar 
mixtures of isoalkanes and o le f ins  with branched chains. Addition 
of a mineral clay (bentoni te)  to the ampoules results i n  conversion of 
the olef ins  in to  a complex mixture of various secondary products while 
keeping the alkanes formed i n  the cracking reaction in tac t .  Comparison 
of the gas chromatograms of the cracking products obtained with and 
without the clay a s s i s t s  i n  ident i f ica t ion  of branched alkanes. 

A Hewlett-Packard 5880A gas chromatograph equipped with the flame 
ionization detector ,  operated i n  the s p l i t  in ject ion mode with a s p l i t  
r a t i o  100:1, was used to  obtain chromatographic data. The column u s e d  
was a 50 rn, 0.02 mm i .d . ,  fused s i l i c a  capi l la ry  coated with 0.50 micron 
film of cross-linked methyl s i l icone.  H e l i u m  c a r r i e r  gas was used a t  a 
flow of 1 ml/min. The column oven temperature was programmed from 40 C 
t o  3OO0C a t  5%/min and held a t  3OO0C unt i l  complete e lu t ion  of a sample. 
Sample s ize  was 1.0 microl i ter .  
held a t  325OC. 

The techniques used f o r  assignment of alkane and o le f in  peaks in 
gas chromatograms of the thermocracked products a r e  d iscussed  elsewhere 
(5, 6) .  They were based on the appl icat ion of a modified addi t iv i ty  
principle ( 7 )  which allows quant i ta t ive estimation of peak positions of  
complex molecules (multibranched alkanes and o le f ins )  from the data on 
peak positions of more simply b u i l t  molecules (monobranched alkanes, 
l inear  olef ins) .  

for  peaks of hydrocarbons 
Kovats factors  (KF) from t h e i r  re tent ion times RT ( 8 ) .  

0 

Detector and in jec tor  temperatures were 
Samples were di luted with CS2 before injection. 

A generally used procedure of presentation of re tent ion times 
i n  gas chromatograms is calculat ion of t h e i r  

' I  
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For example, the peak of an iso-alkane s i t u a t e d  i n  the middle 
between peaks of n-q2lQ6 and n-Cl3H28 has KF 1250. We found i t  more 
convenient to  use a d i f fe ren t  parameter f o r  the purpose - a r e l a t i v e  
retent ion factor ,  RRF (5, 6): 

RRF = [KF(iso-alkane %%n+2) - KF(n-alkane %H2*+2) ]/lo0 2) 

This fac tor  i s  a negative number representing a normalized r e l a t i v e  
precedence of the peak of a hydrocarbon with respect to the peak of the 
normal alkane with the same carbon atom number. 

RESULTS AND DISCUSSION 

Numbering of carbon atoms i n  the skeletons o f  the three isoprenoid 
molecules follows: 

Pr is tane (2,6,10,14-tetrame thylpentadecane) 
11 1 3  1 5  1 3 5 7 9  

c c c c c c c c  

c c c c c c c  
\;\!p[\;\l;\l;\l;  

1: 6' 10' 14' I 
C 2' 

Phytane (2,6,10,14-tetramethylhexadecane) 
c 5  c 7  c 9  cll $3 c 1 5  c1 c 3  

' 2' 

\ 2/ \ 4/ \ 6 /  \ 8/ \ 1; \ 1: \ 1; \ 16 
c c c c c c c c  

C 
6' 

Squalane (2,6,10,15,19,23-hewmethyltetracosane) 
15' 19' 2 3l 

C C 

11 1 3  ' 1 5  1 7  ' 1 9  21 I 2 3  c 1  c 3  c 5  c 7  c 9  C 

cA  \ c 2 4  

I 
10' 

I I 
C 2' C 6' 

0 Conversions i n  the thermocracking reactions (250 C, 24 h) were: 
f o r  pr is tane - 6.0%, f o r  phytane - 2.7%, for  squalane - 6.4%. Under 
these mi ld  conditions only three stages of the r a d i c a l  chain react ions 
should be considered: formation of a parent rad ica l ,  f i s s ion  of the 
radical  with the formation of an o le f in  and a smaller a lkyl  rad ica l ,  
and the chain t ransfer  reaction yielding a low molecular weight alkane. 
One example of these three reactions involving a rad ica l  a t tack on the 
s ix th  position of the pr is tane molecule and the 
9-5 bond is: 

6-scission of the 

421 



Formation of a parent rad ica l  (hydrogen abstract ion reaction): 

R* + 2,6,10,14-tetramethylpentadecane 4 

RH + CH3-g-CH2-CH2-CH -pCH -CH -CH2-CH-CH -CH -CH -$H-CH 
Z c H 2  2 2 2  2 c H  3 

3 3 3 3 
6-scission reaction: 

3)  

9 

CH3-g-cH2-CH2-cH2-g3I2-CH2-cH2-p-cH2-CH2-CH2-p-m3--3 

CH3-~-CH2-CH2-CH~-0CH2 + *~2-CH2-CH-CH2-CH2-CH2-~-CH 3 

4) 3 
CH 

3 
CH 

3 3 

b 3  b 3  CH3 
( 2,6-d?me thyl-1-hep tene) 

Chain t ransfer  reaction: 

'CH2-CH2-p-CH2-CH2-CH + 2,6 ,lo, 14-tetrame thylpentadecane 

5) CH3 

H CH2-CH2-CH2-qH-CH + Re 3 - CH3-5-L- 3 CH3 
( 2,6-dime thyloctane) 

Reactions 3 and 5 are, i n  a general sense, the same reaction of 
hydrogen abs t rac t ion  and they a r e  separated here to emphasize chemistry 
of the react ion product formation. I t  is generally accepted (2, 4) that 
rad ica l  reac t ions  of alkanes a t  low temperatures i n  the l iqu id  state a r e  
accompanied by intramolecular rad ica l  isomerization (hydrogen atom s h i f t s  
via five- and six-atom cycl ic  t rans i t ion  s t a t e s )  and by intermolecular 
hydrogen exchange react ions (reverse  of reaction 3 with RH being the 
substrate  molecule). The j o i n t  r e s u l t  of these two processes is the 
e q u i l i b r i u m  d i s t r i b u t i o n  of primary radicals  i n  terms of rad ica l  s i t e  
positions, with the equilibrium being governed by r e l a t i v e  rad ica l  
stabil i t ies.  

formed in the pr incipal  thermocracking react ions of pr is tane,  phytane, and 
squalane, experimental and calculated RRF values for  the alkanes and 
o le f ins ,  and posi t ions of rad ica l  a t tacks resu l t ing  In the f o r m t i o n  of 
corresponding hydrocarbons. 
the basis  for  t h e  evaluation of r e a c t i v i t i e s  of various bonds i n  two 
reactions - hydrogen abstract ion (Reaction 3) and &scission (Reaction 4). 

Tables 1 and 2 l i s t  a l l  possible alkanes and o le f ins  which a r e  

Peak areas  f o r  the products were used a s  

6-scission react ions 

I n  the majority of cases several p s c i s s i o n  react ions are possible 
for  a radical  formed i n  Reaction 3 (except for  rad ica ls  i n  positions 2 
i n  a l l  isoprenoids and i n  position 16 f o r  phytane). 
reaction products allows estimation of probabi l i t i es  of the sciss ion 
reactions. 

s i tuated i n  very symmetrical environments. 

Analysis of 

Tert iary rad ica ls .  Tertiary radicals  i n  positions 6 and 10 a r e  
As a consequence, 
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probabi l i t i es  of B-scissions f o r  the adjacent bonds a r e  v i r t u a l l y  e q u a l .  
The r a t i o s  of products formed in the C4-C5 and CrCS bond sciss ions 
( rad ica ls  in  position 6 )  are i n  the range 1.06-0.98 f o r  a l l  isoprenoids. 
The same r a t i o s  (1.08-0.99) were found f o r  C bond 
sciss ions in  phytane and squalane ( rad ica ls  f ~ c ~ o % % ~ ? ?  On the 
other  hand, the probabi l i ty  of the CH2-CH2 bond ( C l ~ C 1 3 )  sciss ion i n  the 
phytane radical  ( i n  position 14) is 10.6 t i m e s  higher than tha t  f o r  the 
CH CH3 bond (cl5-Cl6) which corresponds to  the AE,,t difference,  ca. 
2.fkcal/mol. 

r a d i c a l  i s  s i t u a t e d  i n  a symmetrical environment (posi t ions 8 in a l l  
molecules, position 12 i n  phytane) the probabi l i ty  of the two 

expectations. However even a s l i g h t  deviation from the symmetry, in  
posi t ions 4, r e s u l t s  i n  a deviation from the equality. The r a t i o  between 
the probabi l i t ies  for  the scisson of %- and C5-% bonds i s  ca. 0.63.  

phytane and squalane) the sciss ion involves d i f fe ren t  chemical bonds. In 
these cases the r a t i o s  of the sciss ion r a t e s  for  the CH2-CH2 bonds 
(Cs-5 f o r  radicals in  positions 7 )  and for  the CH2-CH bonds (C 'Cg) a r e  
ca. 0.71 (+7%). The same r a t i o  (sciss ion of %2-C1 vs. 3 f o r  the 
&ytane radical  i n  posi t ion 11 i s  0.58. However, t te  C k 2 s 3 !  ond i n  
squalane is  ca. 10% more react ive i n  @-scission than t e - C ~ O  bond. 
D a t a  fo r  the pristane rad ica l  ( i n  posi t ion 5 )  provide the most complete 
information of the r e l a t i v e  probabi l i t i es  of B-scission reactions. The 
r a t i o s  of the reactions f o r  the CH2-CH2 bond (Cg-$1, the CH2-CH bond 
(%-Cg), and the CH3-CH bond (%-%I) a r e  4.72 : 6.70 : 1 .  

Secondary radicals .  Similarly t o  the previous case, i f  a secondary 

8-scissions a r e  ident ica l  (with precision ca. 4 % )  according to  

When secondary radicals a r e  i n  positions 4 (or  positions 9 i n  

React ivi t ies  of C-H bonds i n  hydrogen ab8 t ract ion react ions 

Tertiary C-H bonds 

Tertiary C-H bonds a re  the most ac t ive  i n  radical  hydrogen 
abstract ion reactions as emphasized by t h e i r  low bond energies, ca. 90 
kcal/mol (2, 4 ) .  Our data show tha t  r e a c t i v i t i e s  of the C-H bonds i n  
6 and 10 positions are equal f o r  a l l  three isoprenoids (corresponding 
product yields a r e  i n  the range 1.00-1.03). 
formed from the end- and internal  t e r t i a r y  rad ica ls  are: 

The r a t i o s  of products 

Internal  C' : R-C-%-CH3 : R-C-CH3 - 1 : 0.45 : 0.31 

( posi tions (posj t ion 14 (posi t jons 2) 
CH CH 

6 and 1 0 )  i n  phytane) 

I f  one takes into account d i f fe ren t  sciss ion p a t t e r n s  f o r  these 
radicals  (discussed e a r l i e r )  and the exsitence of only one B-scission 
route f o r  the end-tertiary radicals  these r a t i o s  t rans la te  in to  the 
r a t i o s  of formation rates for  corresponding rad ica ls  ca. 1 : 0.7 : 0.8. 

Secondary radicals  

The isoprenoids studied can form several  s t ruc tura l ly  d i f f e r e n t  
secondary r a d i p l s .  
Radicals -CH7-CH-CH2-- As expected, the radicals  i n  positions 4 and 12 
i n  the phytane molecule have the same r e a c t i v i t y  ( the corresponding 
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product r a t i o  is  1.05). However, these rad ica ls  positioned i n  the center 
of the molecules (posi t ions 8) are s l i g h t l y  more react ive than s imilar  
radicals  i n  posi t ions 4: the reac t iv i ty  r a t i o s  a r e  1.3 f o r  pr is tane,  1.2 
f o r  phytane, and 1.7 f o r  squalane. 
i n  position 12 of squalane is  2.4 times less than that of a s i m i l a r l y  
s i tuated r a d i q l  i n  position 8. 
Radicals -CHrCH-CH-.  
and 11 i n  the molecules are equal within *lo%. 
Relative r e a c t i v i t i e s  of various secondary radicals. 
rences between r e a c t i v i t i e s  of d i f fe ren t ly  flanked secondary radicals 
were found f o r  a l l  isopFenoids. Radica ls  -Cl$-CH-%- are 4.8 times (*lo%) 
more react ive than C -CH-CH- radicals. The only exception was found 

higher than r e a c t i v i t y  of the radical i n  posi t ion 11. 

Reactivity of the secondary rad ica l  

React ivi t ies  of a l l  radicals  i n  positions 5, 7, 9, 

Signif icant  diffe-  

f o r  squalane: r e a c t i v  ? t y  of the rad ica l  i n  position 12 is only 2.3 times 

Primary radicals  

Information on r e l a t i v e  reac t iv i ty  of primary rad ica ls  i s  l i m i t e d  
due  to d i f f i c u l t i e s  i n  ident i f ica t ion  of the products of the i r  a-scission 
and due t o  low content of the products. In the case of phytane the 
radical  i n  posi t ion 6' has the same r e a c t i v i t y  a s  the rad ica l  i n  position 
14' and i t  i s  ca. 20% less react ive than the rad ica l  i n  posi t ion IO'. 

The y ie lds  of sciss ion products from the primary rad ica ls  i n  positions 
1 a r e  ca. 2 times less than those f o r  the rad ica ls  i n  posi t ions 6'. I f  one 
takes into account t h a t  only one sciss ion route i s  avai lable  f o r  the f i r s t  
radicals ,  i t  can be concluded that r e a c t i v i t i e s  of a l l  primary rad ica ls  
i n  the isoprenoids a r e  very close. 

ComDarisons of r e a c t i v i t i e s  of various rad ica ls  

Comparisons of the yields  of products from 8-scissions of radicals  
of various s t ruc tures  allows approximate evaluation of the i r  re la t ive  
reac t i v i  ties. 

radicals -CH -&2-L The pro- 
d u c t  r a t i o  f o r  sc i ss ion  of cor respondiz  radicals for2a l l  isoprenoids i s  
ca. 0.067. I f  one takes in to  account the differences between the numbers 
of C-H bonds i n  these groups, the r a t i o s  of r e a c t i v i t i e s  of C-H bonds i n  

Primary r a d i c a l s  &i CH- vs. seconda' 2- 

the methyl group (CH -&-)-and the cent ra l  methylene group in the sequence 
CH(CH )-CR2-CH2-CH2-$H(CH3) is  ca. 0.045 which corresponds to  
-3.2 &al/mol. 

Uact ca. 

Primary radicals  k2-CH- VS. secondary radicals  -CH2-k-CH-. 

Secondary rad ica ls  vs. t e r t i a  radic%hl;:&CH )-CH 

The pro- 
duct  r a t i o  f o r  sciss ion of corresponding radicals for  a l l  isoprenoids is 
ca. 0.27 which t rans la tes  in to  the difference between r e a c t i v i t i e s  of 

r a t i o  for  sciss ion of secondaryyadicals  ( i n  posm&1c8?-&d that f o r  
the te r t ia ry  rad ica ls  i n  positions 6 o r  10 is  0.89. This corresponds 
to  the r a t i o  of ca. 2.25 f o r  C-H bond r e a c t i v i t i e s  i n  hydrogen abstract ion 
reactions involving the t e r t i a r y  CH3-CH- groups and the cent ra l  methylene 
groups i n  the isoprenoids (positions 8). Corresponding AE is  ca. 
0.8 kcal/mol. As was mentioned before, cen t ra l  CH2 groups @-CH2-CH2-CH- 
sequences a r e  less reac t ive  than i n  -CH2-CH2-CH2- sequences. 
the corresponding C-H bond reac t iv i ty  r a t i o  is 11.6 and 
2.6 kcal/mol. 

corresponding C-H bonde ca; 0.18 and -1.8 kcal/mol. 
The product 

For them 
A E ~ ~  i s  ca. 
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Table I 

ALKlWES PORHED I N  THERHOCWACKING REACTIONS OF PRISTANE, PHYTANE, 
AND SQUALAM AT 25OoC t 

Alkane Formed from R R p R R P d R R p  
Pristane Phytane Qualane (exp.) ( e a l e . )  X 
( p o s i t i o n  of radical a t t a c k )  

n-C . 
-'I 

LSO-C4 
2-Me-C4 
2-ne-c5 

3-Me-cg 
3-Me-c~ 

2-Me-c, 
2.6-He & 7 

-c 
2,6,10,%.19-He5- 

-c22 

-0.578 -0.568 
-0.695 -0.674 
-0.833 -0.812 
-1.252 -1.175 
-0.788 -0.753 
-1.199 -1.114 
-1.353 -1.254 
-1.150 -1.076 
-1.430 -1.329 
-1.300 -1.210 
-1.477 -1.386 
-1.531 -1.407 
-1.940 -1.788 
-1.862 -1.705 

0.0% 

1.2% 
-1.5% 
-1.7% 
-3.0% 
-2.5% 
-6.1% 
-4.5% 
-7.1% 
-7.3% 
-6.4% 
-7.1% 
-7.0% 
-6.2% 
-8.1% 
-7.9% 
-8.5% 

-2.102 -1.880 -10.6% 
-2.115 -2.063 -2.5% 
-2.345 -2.464 5.1% 

-2.320 -2.408 3.8% 

-2.455 -2.608 6.2% 

t amounts Of methane, ethane.  and propane Cannot be determined 
q u a n t i t a t i v e l y  and are not reported i n  the t a b l e .  
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Table 2 

OLEFINS FORMED I N  THERMOCRACKING REACTIONS OF PRISTANE, PHYTANE, 
AND SQUAUNE AT 25OoC f 

Olef in  Formed from RRF RRF ARRF 
P r i s t a n e  Phytane Squalane (exp.) (calc.)  % 
( p o s i t i o n  of r a d i c a l  a t t a c k )  

*o 

-0.228 
-0.520 
-0.455 
-0.896 

-0.850 
-0.796 
-0.915 
-0.799 
-0.751 
-1.047 
-1.459 
-0.992 
-1.436 
-1.398 
-1.379 
-1.505 

-1.583 
-1.530 

-1.712 

-2.114 

-2.00 

-2.11 

-0.518 
-0.455 
-0.880 
-0.803 
-0.846 
-0.785 
-0.916 
-0.812 
-0.740 
-1.008 
-1.328 
-0.920 

-1.287 
-1.301 
-1.420 
-1.474 

-1.338 

-1.409 
-1.326 
-1.241 
-1.241 
-1.227 
-1.227 
-1.494 
-1.411 

-1.525 

-1.562 

-1.909 

-1.963 

-2.19 

-2.13 

-2.18 

0.4% 
0.0% 
1.8% 

0.5% 
1.4% 
0.1% 
1 . 6 X  
4.1% 
3.7% 
9.0% 
7.2% 
6.8% 
7.9% 
5.6% 
5.6% 

5.6% 
7.7% 

8.8% 

9.1% 

2.0% 

1.9% 

t o l e f i n s  %6*g i n  the products  of squa lane  t h e m c r a c k i n g  were not  
i d e n t i f i e d  q u a n t i t a t i v e l y  and are not repor ted  i n  t h e  tab le .  
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USE OF THE STRUCTURE-CHEMICAL REACTIVITY DATA FOR 
DEVELOPMENT OF NEW METHODS IN PETROLEUM HEAVY ENDS UPGRADING 

M. Parcasiu, E. J. Y. Scott and R. B. LaPierre 

Mobil Research and Development Corporation 
Central Research Laboratory 

P. 0. Box 1025, Princeton, New Jersey 08540 

I NTRODUCT I ON 

The chemical structure of the heavy ends of petroleum has been 
studied extensively (1). However, these studies have had little 
impact on the processes used commercially to upgrade heavy 
petroleum fractions. Industrial processes involve thermal (high 
temperature free radical chemistry) or catalytic routes such as 
catalytic cracking or hydroprocessing at temperatures greater 
than 300°C. 

Low temperature ionic reactions have not been explored 
extensively for upgrading petroleum heavy ends. We have examined 
transalkylation, the transfer of alkyl fragments from high 
molecular weight components to smaller aromatic acceptor 
molecules in presence of Priedel Craft catalysts. We present 
results of transalkylation using catalysts consisting of 
trifluoromethanesulfonic acid as well as aluminum chloride 
promoted by water (2). Results are presented for transalkylation 
to native aromatic compounds present in crude petroleum (whole 
crude transalkylation) as well as to added aromatic molecules 
(resid transalkylation). 

Most molecules in petroleum heavy ends contain 20 to 40 wt.\ 
aliphatic groups substituted to aromatic (or heteroaromatic) 
rings (3). These aliphatic substituents are: 

- normal and is0 alkyl groups (we positively identified C2 

- cycloalkyl groups (we identified cyclopentyl and 
to C16 alkyl chains); 

cyclohexyl substituents but the presence of larger 
saturated polycyclic groups cannot be precluded); 

- methylene groups linking two aromatic rings. 

In the presence of Priedel Crafts catalysts these aliphatic 
groups can be transferred to small aromatic molecules ( 3 ) .  The 
result of transalkylation is then the formation of new 
distillable products which contain the small aromatic molecules 
substituted with normal, iso, and cyclo alkyl groups. Obviously, 
in such complicated mixtures as the petroleum heavy ends are, 
under the transalkylation reaction conditions, other reactions 
w i l l  alvo take place; for example, the dialkyl sulfides form 
mercaptanes and paraffins, and at long reaction times, alkyl 
substituents with five or more carbons form hydroaromatic rings 
by cyclization. 

The products of the transalkylation and of secondary reactions 
are mixtures of petroleum like compounds with molecular weights 
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(and boiling points) ranging from that of the acceptor (the small 
aromatic molecule) to that of the resid. 

If whole crude oils are treated under the conditions of the 
transalkylation reaction, alkyl groups from heavy ends are 
transferred to the light aromatic hydrocarbons present in the 
crude oil. The result is a change of the boiling point 
distribution of the whole crude toward medium boiling point 
fractions . 
Very early in our work we realized the lack of literature data 
concerning the transfer of the alkyl substituents between 
aromatic rings with different degrees of ring condensation. To 
gain this information we studied the transalkylation reaction 
with appropriate model compounds ( 3 , 4 ) .  

The transalkylation reaction can be applied both to materials 
Joluble in aromatics and to solids as kerogens (3) or coals ( 5 , 6 )  
and coal liquefaction products (6). 

RESULTS AND DISCUSSION 

The transalkylation reaction can be formulated: 

Ar I -Alkyl1 + AI I IH S A r  H + Ar I -Alkyl1 

In our discussion A? I-AlkylI will denote large aromatic molecules 
from petroleum heavy ends and Ar'IH will be benzene, toluene or 
o-xylene. 

A. Kinetic and thermodynamic constraints of the transalkylation 
r eaction 

We have shown previously ( 3 , 4 )  that the rate of the 
transalkylation reaction between polyaromatic and monoaromatic 
rinys is: 

- independent of the chain length (at least for C2-C10 
alkyl chains), - dependent on the nature of the aliphatic substituent 
(cycloalkyls transfer faster than n-alkyls), 

- dependent on the structure of the polyaromatic moiety 
involved in the transalkylation reaction (the rate of 
transfer of the aliphatic substituent increases for 
systems with increased degree of aromatic ring 
condensat ion) . 

Concerning the thermodynamics of transalkylation, we found that 
the thermodynamic equilibrium is: 

- independent of the structure of the polyaromatic moiety 

- only slightly influenced by temperature in the 27-227'C 
(Table I), 

interval in which we studied the transalkylation 
reaction (Table 1 1 ) .  

Data in Tables I and I 1  show that the equilibrium constant of the 

" 1 ~ 
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transalkylation reaction is close to unity (i.e. AG = 0) for any 
pair of donor-acceptor. That means that at donor-acceptor molar 
ratio of 1:1, the maximum conversion to be expected is 50% for 
any of the starting materials. Thus, the only way to push a 
transalkylation reaction in a desired direction is to work with 
excess of acceptor. For example, for a molar ratio of 1:4 at 
equilibrium, 80% of donor will be converted at 127'C (400OK). 

In the case of conversion of petroleum heavy ends by a 
transalkylation reaction, the big differences between the 
molecular weight of the donor (average molecular weight 1000) and 
of the acceptor (molecular weight -100) insure an advantageous 
molar ratio even for a weight ratio resid:aromatic hydrocarbon of 
1:l. 

These thermodynamic constraints are very important f o r  upgrading 
whole crude (see Section C following). 

While the thermodynamic equilibrium is independent of the degree 
of aromatic ring condensation of the donor, the rates of the 
transalkylation reaction are faster fo r  transfer of aliphatic 
groups from more to less condensed aromatic systems. The 
transfer in the opposite direction necessitates larger acid 
(catalyst) concentration ( 4 ) ,  which in turn favors some secondary 
react ions. 

B. Transalkylation reactions of vacuum resids 

Some transalkylation reactions between Arabian Light vacuum resid 
and toluene or 0-xylene are given in Table 111. Typical 
composition of the distillate is shown in Figure 1 for an Alaskan 
resid. Some properties of the dealkylated resids are given in 
Table IV. In general, 60-80% of the initial resid remains as 
dealkylated resid. 

If the dealkylated resid is hydrotreated in the presence of CO-MO 
catalysts (Table V), the hydrogen consumption is similar to that 
f o r  the untreated resid, but the degree of desulfurization is 
somewhat higher (72%) for the dealkylated resid than for the 
untreated resid (65% desulfurization). It should be observed 
that the dealkylated resid ( 7 6 5  of the initial resid) was 
distilled to a lower average molecular weight (620) than that of 
untreated resid (average molecular weight 1100). 

The saturated hydrocarbon fraction in the hydrotreated Vacuum 
resid (for the hydrotreating condition see Table V) represents 
20.55 of the product and has an average molecular weight of 
-1000. In the hydrotreated dealkylated resid the saturated 
hydrocarbons represent 2 4 . 5 %  of the product and their average 
molecular weight is only 386. 

C. Transalkylation reactions of whole crude oils 

The transfer of aliphatic substituents from the big molecules to 
lower molecular weight aromatics of a crude oil can be achieved 
under mild conditions in the presence of a Friedel-Crafts 
catalyst (Table VI). We used topped (80°C') crude oils because 
the lowest boiling point acceptor in crude oils is benzene 
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(b.p.‘8O0C). Work with model compounds ( 4 )  indicated that the 
transfer of substituents is easier from polyaromatic to 
monoaromatic rings. This favors the redistribution of aliphatic 
substituents in whole crudes in the desired direction. 

In the case of aromatic crudes (for example the Alaskan crude in 
Table VI), there are enough low molecular weight natural 
acceptors in the crude to achieve a substantial transfer. In the 
case of a paraffinic crude (North Sea crude), the addition of 
some small aromatic molecules can be helpful (Table V I ) .  

The net result of the internal transalkylation is a 
redistribution of boiling points in the crude with an increase in 
the quantity of medium range products. 

D. Chemical composition and mechanistic limitations of 
upgrading petroleum heavy ends by the transalkylation 
r eac t ion 

The petroleum heavy ends contain large amounts of aliphatic 
substituents on polyaromatic rings. This makes the use of the 
transalkylation reaction an attractive alternative for their 
upgr ad ing . 
One element of structure which poses a problem is the presence of 
basic compounds, especially basic nitrogen compounds in petroleum 
heavy ends. The basic nitrogen compounds react with the acidic 
catalysts and form salts. 

Another limitation for the use of the transalkylation reaction is 
the effect of acid concentration on the reaction rate. Our work 
with model compounds ( 4 )  has shown that the concentration of acid 
must exceed a certain threshold to obtain an acceptable rate of 
reaction. 

Understanding of the quantitative relationship between the 
chemical structure of the reactants and the concentration of acid 
is new chemistry and our initial results ( 4 )  are only a 
beginning. Certainly, more research in this area is needed 
because it is likely to be relevant to other acid catalyzed 
reactions besides transalkylation. 

REFERENCES 

1. Speight, J. G., “The Chemistry and Technology of Petroleum”, 
M. Dekker, Inc., New York, 1980, and references therein. 

2 .  Farcasiu, M., U.S. Patent 4 , 3 1 7 , 7 1 2 ,  March 2 ,  1982. 

3 .  Farcasiu, M, Forbus, T. R., LaPierre, R. B., ACS Petr. Chem. 

4 .  Farcasiu, M.,Forbus, T. R., Rubin, B. R., paper submitted to 

Div. Preprints 2, 279 (1983). 

J. 0rg.Chem. 

430 



I I 

5. 

6 .  

7. 

8. 

9. 

Benjamin, B. M., Douglas, E. C., Canonico, D. M., Fuel 63,  
1130 (1984). 

Parcasiu, M., Proceedings of the Symposium on Chemistry of 
Coal Liquefaction and Catalysis, March 17-20, 1985, Sapporo, 
Japan. 

Stull, D. R., Westrum, Jr., E. F. and Sinke, G. C., "The 
Chemical Thermodynamics of Organic Compounds", John Wiley 
(1969). 

Benson, S. W., "Thermochemical Kinetics", Chapter 2, John 
Wiley (1968). 

Stein, S. E., Golden, D. M. and Benson, S. W., J. Phys. Chem 
- 81, 314 (1977). 

TABLE I 

Equilibrium Constants at 400°K (127OC) for 
Several Transalkylation Reactions 

Aryll-Alkyll + ArylIIH e Aryl'H t ArylII-Alkyll 

Aryl I -Alkyl I Aryl I I H AG' 400°K K 4 0 0 0 ~  
donor acceptor Kcal/mole 

m 

-0.11 

-0.11 

0 

+0.11 

1.15 

1.15 

-1 

0.87 

0 -1 

AGO values for 2 n-butyl naphthalene, benzene and o-xylene are 
experimental values (7). those for 1,2-dimethyl 4-n-butyl 
benzene and 2-n-butyl pyrene are calculated by the method of "group 
additivity" (8,9). 
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TABLE I 1  

The Influence of Temperature on Thermodynamical 

Equilibrium of the Transalkylation Reaction* 

Equilibrium Constant at: 

300DK 400'K 500°K 
(27°C) (127OC) (227'C) --- 
1.03 1.15 1.21 

*All values are experimental values ( 7 )  

TABLE I 1 1  

Conditions of the Transalkylation Reaction 

Vacuum Aromatic Wt.t Distil- 
Res id Hydro- Wt. Temp. Time latea(based 
(1050tF) carbon Catalyst Ratio "C Hrs. on resid) 

a b C a:b:c 

1. Arabian toluene AlCl3 1:6.5:O.S 20 18 10 
Light 

2 .  Arabian 0-xylene AlCl3 1:0.86:0.5 144 3 15.3 
Light 

3 .  Dealky- o-xylene A1C13 1:1.7:O.S 144 6 2s 
lated 
Resid 
Exp . 2  

4. Arabian o-xylene CF3SOjH 1:2.6:0.4 144 
Light 

aThis % includes the light aromatics incorporated by 
transalkylation. 

6 3 4  
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TABLE IV 

Properties of Dealkylated Resids 

Wt.% Mw 
C H S VPO/Toluene 0 ar H 

AI abian 85.1 10.4 4.0 1100 5.6 
L ight 

Resid erp. 2 
Table IvII 

Dealkylated 86.5 9.6 4.1 620 - 11a 

Dealkylated 87.3 8.7 3.7 503 
Resid exp. 3 
Table I 1 1  

'The value of 0 ar H (lHNMR) is from'a similar 
transalkylation run. 

-- 

TABLE V 

Chemical and Structural Properties of Hydrotreated Arabian Light 
Vacuum Resid and Hydrotreated Dealkylated Arabian Light Resid 

Hydrotreating Conditions: wt.ratio resid:o-xy1ene:CoMo (HDS1441) 
catalyst 1:344:0.5; t - 340°C; 1000 psi H2, 1 h 

Elem. Analysis AV. H" 
Wt.\ 

Mater i a1 %arH C H S (VPO Toluene) 

1. Arabian Light 5.6 85.1 10.4 4.0 1110 

2. Hydrotreated 1 1.6 86.5 11.7 1.4 1000 

Vac. Resid 

(yield 90% of 1) 

(~lC13 catalyst) 
Arabian Light 
Vacuum Resid 
(76% of initial 
material) 

3. Dealkylated 9.8 84.9 9.1 3.6 620 

4. Hydrotreated 3 6.8 88.2 10.5 1.0 477 
(yield 90% of 3) 

J 
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TABLE VI 

Boiling Point Distribution of Topped Whole Crude Oils 
Before and After Transalkylation in the Presence of 

Trifluromethanesolfonic Acid* 

Boiling Points, "C 

80-215 

Topped Alaskan Crude 

Initial 7.9 
After transalkylation 9.3 

+1.4 

Topped North Sea Crude 

Ini t ial 10.5 
After transalkylation 11.7 

A +l.2 

Topped North Sea Crude 
59 o-Xylene 

Init ial 15.5 
After tr ansalkylat ion 12.6 

A -2.9 

215-344 

26.9 
32.0 

+5.1 

- 

35.1 
37.1 

+2.0 

- 

33.4 
40.2 

+6.8 

- 

349-426 

17.0 
19.7 

+2.7 

- 

22.0 
24.1 

+2.1 

- 

21.0 
26.3 

+5.3 

- 

426+ 

48.2 
39.0 

-9.2 

- 

32.4 
27.1 

-5.3 

30.8 
20.9 

-9.9 

- 

*Typical transalkylation conditions: ut. ratio oil : CF3S03H 
lO:l, reaction temperature -1OO"C, reaction time -4 h. After 
reaction, the mixture was quenched with aqueous NaOH, the organic 
layer Was separated and dried over MgSO The boiling point 
distribution in the initial material ani'products was determined 
by flash distillation over chromosorb followed by simulated 
distillation by gas chromatography. 
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